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ABSTRACT 
Zincian spinels [(Zn,Fe,Mg)AhO4] are accessory minerals in a variety of rock types, 
including metamorphosed massive sulfide (mms) deposits, pegmatites, aluminous metasediments, 
marbles, and granulites. Textural and compositional studies of spinels in twelve Proterozoic mms 
deposits metamorphosed to amphibolite and granulite facies in Colorado, shed new light on the use of 
spinel composition as a guide to sulfide ores. 
Spinels from the Independence, Bon Ton, and Sedalia deposits and some from the Green 
Mountain, Betty, Caprock, Cinderella, and Cotopaxi deposits, which occur associated with mms 
deposits hosted by Fe-Al rich hydrothermally altered aluminous metasediments and/or metavolcanics, 
show compositions that correspond to zincian spinels elsewhere in the world (gahnite40_90hercynite0_ 
40spinel0_30). However, other spinels are depleted in Zn and enriched in Mg and Fe and occur in rocks 
dominated by Mg-rich (±Ca) assemblages such as phlogopite-anthophyllite (Ace High), phlogopite-
tremolite-clinochlore (Cinderella), forsterite-cummingtonite-actinolite (Caprock), forsterite-actinolite-
clinochlore-phlogopite (Cotopaxi), and sapphirine, forsterite, phlogopite, anthophyllite, cordierite, 
enstatite, and clinohumite-rich rocks (Marion, Amethyst, and an unnamed prospect). The 
composition of these zincian spinels in unusually Mg-rich alteration zones from Colorado is markedly 
different from those in and adjacent to mms elsewhere in the world, and exhibit compositions of 
gahniteo-6shercyniteo-4ospinel20-9o-
This study shows that the composition of spinels in and surrounding mms deposits is 
influenced by reactions involving Zn- and Fe-sulfides as well as by bulk composition, which in the 
case of many mms deposits in Mg-rich alteration zones in Colorado causes a marked enrichment in 
the spinel (sensu stricto) component of zincian spine 1. Knowledge of the geological setting must be 
considered when using zincian spinels as a guide to metamorphosed massive sulfide deposits. 
IX 
Zincian hercynite from Evergreen occurs in aluminous "enclaves" in Gedrite-cordierite 
gneisses that preserved spectacular corona, symplectic, and pseudomorph textures. Textural and 
compositional studies suggest the following set of reactions were derived from the assemblage 
gedrite+sillimanite±quartz±hercynite: ged+sil+qtz = crd+grt; ged+sil = qtz+crd; ged+sil = hc+crd; 
ged+sil+hc = st+crd; ged+sil = st+crd; sil+hc = cm+st; st = crd+hc+cm; and hc+ilm+cm+vapor = 
hog. Minimum peak conditions were 590 °C and 5 kbars based on silicate stabilities. Coronas and 
symplectites were formed during decompression along a counter clockwise P-T trajectory. 
CHAPTER I.GENERAL INTRODUCTION 
Zincian spine} or gahnite ((Zn,Fe,Mg)AbO4) is a common accessory mineral in various 
geologic settings and rock types including metamorphosed oxide-silicate deposits, aluminous 
metasediments, pegmatites, marbles and skams, quartz veins and greisens in metamorphic terranes, 
granites, contact metamorphic aureoles of plutons, and unconsolidated sediments ( e.g., Spry & Scott 
1986a). 
Previous textural, experimental, and thermodynamic studies suggest that zincian spinels can 
form in multiple ways, including: (1) formation from a Zn-oxide phase during metamorphism (Segnit 
1961), (2) desulfidation of sphalerite during metamorphism (e.g., Frost 1973, Spry & Scott 1986a), 
(3) precipitation from a metamorphic-hydrothermal solution (Wall 1977), and ( 4) breakdown of zinc-
bearing silicates such as staurolite (e.g., Stoddard 1979) and biotite (e.g., Atkin 1978, Dietvorst 1980) 
during metamorphism. 
Due to the spatial relationship between gahnite and metamorphosed base metal sulfide 
mineralization, gahnite has been considered a potential exploration guide in the search for ores of this 
type ( e.g., Sandhaus & Craig 1982, Ririe & Foster 1984, Sheridan & Raymond 1984, Spry & Scott 
1986a, Spry 2000, Walters 2001). The importance of this relationship is demonstrated by the spatial 
association of gahnite, for example, with some of the world's largest massive sulfide deposits, 
including Broken Hill and Cannington (Australia), and Aggeneys (Namaqualand, South Africa), as 
well as with many other smaller base metal sulfide occurrences in, for example, the Appalachian 
(USA and Canada) and Scandinavian Caledonides (Norway and Sweden), the Geco deposit 
(Manitouwadge, Ontario), and the Mamandur deposit (India) ( e.g., Spry 1987a, Spry & Scott 1986b, 
Hicks et al. 1985, Chattopadhyay 1999, Walters 2001, Walters et al. 2002). 
The widespread distribution of zincian spinels within Proterozoic rocks of central-northern 
Colorado makes it the second in regional extent only after the Willyama Domain in Australia ( e.g., 
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Barnes et al. 1983, Plimer 1984). Previous studies of zincian spinels in Colorado are limited in 
number, of which, the most extensive _was that by Sheridan & Raymond (1984), who determined the 
distribution, petrologic setting, and bulk rock composition of zincian spinel-bearing rocks. 
GEOLOGY OF THE STUDY AREA 
The area of study, located in the southern Rocky Mountains of Colorado, extends from the 
Wet Mountains, in the south, to the Independence Mountains, in the north near the Colorado-
Wyoming border, and occurs in a sequence of Proterozoic metasedimentary and meta volcanic rocks. 
In most areas, the rocks were metamorphosed to the upper amphibolite facies (sillimanite zone), 
although those in the Wet Mountains reached lower granulite facies (Sheridan & Raymond 1984). 
The rocks formed at~ 1.8 Ga (Tweto 1980) and were deformed and metamorphosed soon after that at 
~1,775 to 1,700 Ma. (e.g., Hedge et al. 1967). A considerable volume of granitoid intrusive rocks 
was emplaced in the study area from 1.75 Ga to 1.00 Ga during three episodes. 
Recent tectonic studies by Shaw & Karlstrom ( 1999) of the southern Rocky Mountains 
suggest that the study area lies near the boundary of two northeast-oriented Proterozoic tectonic 
provinces: the Yavapai Province composed of 1.7-1.8 Ga juvenile volcanic-arc crust in the north, and 
the Mazatzal Province consisting of 1. 7-1.6 Ga crust to the south ( e.g., Condie 1982, Benett & 
DePaolo 1987, Karlstrom l 998a,b ). The boundary between the two provinces consists of a ~300 km-
wide zone oriented northeast, although there is considerable uncertainty concerning the exact location 
of the contact between the two provinces (e.g., Shaw & Karlstrom 1999, Karlstrom l 998a,b, 
Karlstrom & Humphreys 1998). Assuming the location of the Yavapai-Mazatal crustal boundary of 
Shaw and Karlstrom (1999), the Caprock deposit and the Evergreen gedrite-cordierite gneisses are 
located in the Yavapai Province, whereas all the other deposits occur in the transition zone close to 




The present study serves to complement the preliminary petrological studies of Raymond et 
al. (1980a,b) and Sheridan & Raymond (1984) in Colorado by providing new mineralogical and 
petrological data for zincian spinel-bearing rocks in most of the locations evaluated by them. Our 
study focuses on zincian spinel in or adjacent to metamorphosed massive sulfide deposits (i.e., Bon 
Ton, Cinderella, Sedalia, Ace High/Jackpot, Independence, Betty, Green Mountain, Cotopaxi, 
Marion, and Amethyst deposits, and an unnamed prospect near Amethyst), and gedrite-cordierite 
rocks near Evergreen. The primary aim of the research is to re-evaluate the use of major element 
compositions (Zn, Mg, and Fe) in spinel as an exploration guide to ore in the light of the new data 
collected from zincian spinels in Colorado, and the composition of spinels (mostly zincian) from 
worldwide localities of metamorphosed massive sulfide deposits, hydrothermally altered 
metasedimentary and metavolcanic rocks (some of which are associated with known massive sulfide 
occurrences), aluminous granulites, aluminous metabauxites, pegmatites, and iron formations that 
were published by Spry and Scott (1986a) and that which has appeared in the literature since their 
study. Metamorphic conditions are determined for a few localities on the basis of the exchange 
geothermometers gamet-cordierite ( calibration of Bhattacharya et al. 1988), gamet-biotite ( calibration 
of Bhattacharya et al. 1992), spinel-cordierite ( calibration of Vielzeuf 1983), and spinel-sillimanite-
cordierite-quartz ( calibration of Nichols et al. 1992). 
Using compositions of coexisting minerals and textural evidence, attempts are made to 
determine the origin of the spinels. One such location is the Evergreen area, where zincian hercynite-
bearing gedrite-cordierite gneisses contain spectacular reaction textures including coronas, 
symplectites, and pseudomorphs. Gedrite-cordierite gneisses containing similar textures elsewhere 
are considered to be important in deciphering pressure-temperature trajectories (e.g., Robinson & 
Jaffe 1969, Hudson & Harte 1985, Baker et al. 1987, Schumacher & Robinson 1987, Earley & Stout 
1991, Spear 1993, Ouzegane et al. 1996), as well as by their common spatial association with 
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metamorphosed massive sulfide deposits ( e.g., Araujo et al. 1995). The specific objectives of the 
study of gedrite-cordierite gneisses in the Evergreen area are to evaluate: 1) the origin of mineral 
assemblages and reaction textures (coronas, cordierite-hercynite symplectites, and pseudomorphs) 
based on detailed petrographic observations and mineral chemistry and phase relationships in the 
system FMASZ (FeO-MgO-AhO3-SiO2±ZnO); and 2) metamorphic conditions and a possible P-T 
path for the rocks on the basis of silicate stabilities, various exchange geothermometers (garnet-
cordierite, spinel-cordierite, and spinel-sillimanite-cordierite-quartz), and the orthoamphibole solvus. 
A secondary objective is to consider the origin of gedrite-cordierite gneisses from Evergreen in the 
light of their geological setting, the presence of trace quantities of sphalerite and chalcopyrite in the 
gedrite-cordierite rocks and enveloping sillimanite-rich host rocks, and the elevated Zn contents of 
hercynite, staurolite, and hogbomite. 
THESIS ORGANIZA TI0N 
This thesis is organized into four chapters followed by appendices that contain detailed tables 
of quantitative (microprobe analyses, Zn-Mg-Fe ternary diagrams of spinel) and qualitative (mineral 
assemblages) data obtained for this research. The first chapter consists of a general introduction that 
summarizes the most relevant aspects of the research conducted. The second and third chapters 
include the scientific articles entitled: "Zinc-rich spinels associated with Proterozoic base metal 
sulfide occurrences, Colorado, and their use as guides to metamorphosed massive sulfide deposits," 
which will be submitted to the journal Canadian Mineralogist, and "Coronas, symplectic textures, and 
reactions involving aluminous minerals in gedrite-cordierite gneisses from Evergreen, Front Range, 
Colorado", which will be submitted to either Metamorphic Geology or Mineralogy and Petrology, 
respectively. A fourth General Conclusions chapter summarizes the main conclusions of both articles 
and includes problems of interest for further research. 
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CHAPTER 2. ZINC-RICH SPINELS ASSOCIATED WITH PROTEROZOIC BASE METAL 
SULFIDE OCCURRENCES, COLORADO, AND THEIR USE AS GUIDES TO 
METAMORPHOSED MASSIVE SULFIDE DEPOSITS 
A paper to be submitted to "Canadian Mineralogist" 
Adriana Heimann, Paul G. Spry, and Graham S. Teale 
ABSTRACT 
Zincian spinels [(Zn,Fe,Mg)A}zO4] are accessory minerals in a variety of rock types, in 
particular, metamorphosed massive sulfide (mms) deposits, pegmatites, aluminous metasediments, 
skams, marbles, and granulites. Textural and compositional studies of spinels in twelve Proterozoic 
massive sulfide deposits metamorphosed to amphibolite and granulite facies in Colorado, many of 
which are spatially associated with Mg-rich alteration zones, shed new light on the use of spinel 
composition as a guide to sulfide ores. 
Spinels from the Independence, Bon Ton, and Sedalia deposits and some from the Green 
Mountain (GM), Betty (BT), Caprock (CR), Cinderella (CD), and Cotopaxi (CX) deposits, which 
occur associated with mms deposits hosted by hydrothermally altered aluminous metasediments 
and/or metavolcanics, show compositions that correspond to zincian spinels elsewhere in the world 
(gahnite40_90gercynite0-40spinel0_30). However, other spinels from Colorado are depleted in Zn and 
enriched in Mg and Fe and occur in rocks in or adjacent to mms dominated by Mg-rich (±Ca) 
assemblages such as gedrite- phlogopite (GM), phlogopite-anthophyllite (Ace High), phlogopite-
tremolite-clinochlore (Cinderella), clinochlore-clinohumite-phlogopite (BT), forsterite-
cummingtonite-actinolite (CR), forsterite-actinolite-clinochlore-phlogopite (CX), and sapphirine, 
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forsterite, phlogopite, anthophyllite, cordierite, diopside, and clinohumite-rich rocks (Marion, 
Amethyst, and an unnamed prospect). Zincian hercynite from Evergreen occurs in a sulfide-poor 
hydrothermal alteration zone and formed by retrograde metamorphic reactions during decompression 
of gedrite-cordierite-almandine assemblages. 
This study shows that the composition of spinels in and surrounding mms deposits is 
influenced by reactions involving Zn- and Fe-sulfides as well as by bulk composition, which in the 
case of many mms deposits in Mg-rich alteration zones in Colorado causes a marked enrichment in 
the spinel (sensu stricto) component of zincian spinel. The composition of zincian spinels in 
unusually Mg-rich (and Ca-rich) alteration zones spatially associated with mms deposits is markedly 
different from those in and adjacent to mms deposits hosted in hydrothermally altered aluminous 
metasediments and/or metavolcanics, as observed for example in Colorado, and exhibit compositions 
of gahnite0_65hercynite0_40spine}i0_90 . Knowledge of the geological setting must be considered when 
using zincian spinels as a guide to metamorphosed massive sulfide deposits. 
Keywords: gahnite, exploration guide, massive sulfides, Colorado, magnesium enrichment. 
INTRODUCTION 
Zincian spinel or gahnite ((Zn,Fe,Mg)AbO4) occurs in various geologic settings and rock 
types but is most common in and surrounding metamorphosed massive sulfide deposits, followed by 
aluminous-metasediments and pegmatites (e.g., Spry & Scott 1986a). Previous textural, experimental, 
and thermodynamic studies suggest that zincian spine ls can form in multiple ways, including: ( 1) 
formation from a Zn-oxide phase during metamorphism (Segnit 1961 ), (2) desulfidation of sphalerite 
during metamorphism (e.g., Frost 1973 , Spry & Scott 1986a, 1986b, Spry 2000), (3) precipitation 
from a metamorphic-hydrothermal solution (Wall 1977), and ( 4) breakdown of zinc-bearing silicates 
such as staurolite (e.g., Stoddard 1979) and biotite (e.g. , Atkin 1978, Dietvorst 1980) during 
metamorphism. 
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Due to the spatial relationship between gahnite and metamorphosed base metal sulfide 
mineralization, and compositional considerations, gahnite has been considered a potential exploration 
guide in the search for ores of this type ( e.g., Sandhaus & Craig, 1982; Ririe & Foster, 1984; Sheridan 
& Raymond 1984, Spry and Scott 1986a, Spry 2000, Walters 2001 , Walters et al. 2002) . The 
importance of this relationship is demonstrated by the spatial association of gahnite, for example, 
with some of the world's largest massive sulfide deposits, including Broken Hill and Cannington 
(Australia), and Aggeneys (Namaqualand, South Africa), as well as with many other smaller base 
metal sulfide occurrences in, for example, the Appalachian (USA and Canada) and Scandinavian 
Caledonides (Norway and Sweden), the Geco deposit (Manitouwadge, Ontario) , and the Mamandur 
deposit (India) (e.g., Spry 1987a, Spry & Scott 1986b, Hicks et al. 1985 , Chattopadhyay 1999, 
Walters et al. 2001). 
The present contribution, which involves a mineralogical and petrological study of zincian 
spinel-bearing rocks in Colorado, was prompted by: 1. The widespread distribution of zincian spine ls 
in the Proterozoic terrain of central-northern Colorado, which is second in regional extent only to the 
well-known gahnite horizons in the Willyama Domain of the Curnamona Province, Australia (e.g. , 
Barnes et al. 1983 , Plimer 1984); 2. The potential of gahnite as an exploration guide, and 3. Trying to 
understand why zincian spinels from three massive sulfide occurrences in Colorado, the Cotopaxi and 
the Betty deposits (Salotti 1965 , Spry 1984, Spry & Scott 1986a) and an unnamed base metal 
prospect near Round Mountain (Spry 1984) were enriched in the spinel molecule and did not fall in 
the major element compositional range previously ascribed to metamorphosed massive sulfides (Spry, 
2000) . 
Studies of zincian spine ls in Colorado are limited in number. However, the most detailed are 
those of Sheridan & Raymond ( 1977 , 1984 ), who determined the distribution, petrological setting, 
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and bulk-rock composition of zincian spinel-bearing rocks. In a companion study, Raymond et al. 
(1980) described the rare association of zincian spinels with sapphirine- and corundum-bearing rocks 
in the Wet Mountains. Gahnite was reported in the Sedalia, Turret, Independence, and Ace High and 
Jackpot deposits by Boardman (1971) and in the Sedalia and Bon Ton deposits by Knight (1981) but 
no petrological or mineralogical studies were undertaken of gahnite-bearing rocks. However, Ririe 
(1981) described gahnite in the Green Mountain and Cotopaxi deposits and the Grape Creek district 
near Canyon City and noted the intimate association between gahnite and sphalerite and the 
possibility that gahnite formed by desulfidation of sphalerite. The remaining studies of zincian 
spinels in Colorado have been restricted to reporting the compositions of zincian spinels in various 
locations. Salotti (1965) analyzed Mg-rich gahnites from the Cotopaxi deposit whereas Ririe & 
Foster (1984) noted that the zinc to iron ratio of gahnite in sillimanite-bearing gneisses increased with 
proximity to the Cotopaxi deposit and suggested that this ratio could be used an exploration guide to 
ore elsewhere. 
The present study serves to complement the preliminary petrological studies of Sheridan and 
Raymond (1977, 1984) by providing new mineralogical and petrological data of zincian spinel-
bearing rocks in most of the locations evaluated by them. Our study of thirteen sites focuses on 
zincian spine} in or adjacent to massive sulfide deposits and gedrite-cordierite rocks near Evergreen. 
The Evergreen spinels are only briefly evaluated here but are instead discussed in detail in chapter 2. 
A major objective of the present contribution is to re-evaluate the use of major element compositions 
(Zn, Fe, and Mg) as an exploration guide to ore in the light of the unusual compositions of zincian 
spine} in Colorado ores reported previously by Spry (1984), the composition of spinels that have 
appeared in the literature since 1984, and the composition of spinels that are collected here from the 
thirteen sites in Colorado. 
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REGIONAL GEOLOGY 
The regional geology of the Rocky Mountains in central and northern Colorado is described 
in Tweto & Sims (1963), Moench (1964), Hedge et al. (1967, 1968), Peterman et al. (1968), Hawley 
& W obus ( 1977), and Tweto ( 1977), in addition to four recent issues of Rocky Mountain Geology 
that were edited by K.E. Karlstrom ( 1998b, 1999) concerning the "Lithospheric structure and 
evolution of the Rocky Mountains" and by C.D. Frost (1999, 2000) on "Proterozoic magmatism of 
the Rocky Mountains and environs." 
The area of study extends from the Wet Mountain, in the south, to the Independence 
Mountains, in the north near the Colorado-Wyoming border, and occurs in a sequence of Proterozoic 
metasedimentary and metavolcanic rocks (Fig. 1). Most of the deposits studied occur in rocks 
metamorphosed to the upper amphibolite facies (sillimanite zone), although those in the Wet 
Mountains reached lower granulite facies (Sheridan & Raymond, 1984). Several geochronological 
techniques have been applied to these rocks (see, for example, references in Shaw & Karlstrom, 
1999) and have yielded ages of formation of~ 1.8 Ga (Tweto, 1980), whereas the main period of 
deformation and metamorphism took place soon after that at ~1,775 to 1,700 Ma. (e.g., Hedge et al. 
1967, 1968). This initial phase of deformation in the southern part of the study area is characterized 
by isoclinal folds while the second and third deformation events are characterized by the development 
of large open folds. The major structures developed during the Proterozoic are northwest to north 
trending. 
Recent tectonic studies by Shaw & Karlstrom ( 1999) of the southern Rocky Mountains 
suggest that the study area lies near the boundary of two northeast-oriented Proterozoic tectonic 
provinces: the Yavapai Province composed of 1.7-1.8 Ga juvenile volcanic-arc crust in the north, and 
the Mazatzal Province consisting of 1.7-1.6 Ga crust to the south (e.g., Condie 1982, Benett & 
DePaolo 1987, Karlstrom 1998a,b, Karlstrom & Humphreys 1998). The boundary between the two 
provinces consists of a ~300 km-wide zone oriented northeast, although there is considerable 
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uncertainty concerning the exact location of the contact between the two provinces ( e.g., Shaw & 
Karlstrom 1999, Karlstrom 1998a,b, Karlstrom & Humphreys 1998). Based on metamorphic 
evidence from xenoliths in the Navajo Volcanic Field and on structural, geochronological, plutonic, 
and tectonic considerations, Selverstone et al. (1999) and Shaw & Karlstrom (1999) proposed a 
model for the tectonic evolution of the Yavapai-Mazatzal boundary, which involved the following 
sequence of events: (1) At ca. 1.75-1.72 Ga, arc terranes belonging to the Yavapai and Mazatzal 
Provinces converged by northwest-dipping subduction of young, hot, oceanic crust. The southeastern 
part of the Yavapai Province underwent heating and burial. (2) At ca. 1. 70 Ga, collision between the 
two portions of crust produced shear zones and development of a low-angle thrust system with older 
Yavapai Province overthrusting on Mazatzal Province arc crust. Mazatzal crust was thickened due to 
heating whereas Yavapai crust was hydrated due to devolatilization of the overriden Mazatzal crust. 
Continuing convergence resulted in shortening and steepening of fold and suture structures to produce 
a steep foliation in the Mazatzal terrane and the southern part of the Yavapai Province. (3) The final 
event produced magmatism (at approximately 1.4 Ga and 1.1 Ga) along the boundary zone followed 
by erosion that exposed mid-crustal metamorphic rocks and structures. Assuming the approximate 
location of the Yavapai-Mazatal crustal boundary of Shaw & Karlstrom (1999), the Caprock deposit 
and the Evergreen hydrothermal zone are located in the Yavapai Province, whereas all the other 
deposits occur in the transition zone close to the northern limit of the Mazatzal deformation front 
(Fig. 1). 
A considerable volume of granitoid intrusive rocks was emplaced in the study area from 1.75 
Ga to 1.00 Ga during three episodes. Syntectonic magmatism is represented by the 1.75 Ga Boulder 
Creek intrusion ( e.g., Peterman et al. 1968), whereas two later episodes of magmatism are associated 
with the Silver Plume and related intrusions ( 1.45 Ga; Peterman et al. 1968) and the Pikes Peak 
intrusions (1.0 Ga; Hedge 1970). Northeast-trending shear zones that localized the Colorado Mineral 
Belt (1,700-50 Ma; Tweto & Sims 1963, Karlstrom & Humphreys 1999) were initiated during the 
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Paleoproterozoic and reactivated during a transpressional tectonic regime during the 
Mesoproterozoic. A second set of Mesoproterozoi-c northwest-oriented shears localized intrusions in - · 
the central part of the Colorado Mineral Belt. Three periods of magmatism and attendant ore 
mineralization formed during the Late Cretaceous-early Tertiary, mid-Tertiary, and late Tertiary 
(Wilson et al. 2002) and were reactivated during the Laramide orogeny (75-45 Ma). 
CLASSIFICATION OF PROTEROZOIC SULFIDE DEPOSITS OF COLORADO 
Lindgren (1908), Boyd (1934), and Lovering & Goddard (1950) proposed that the 
Proterozoic sulfide deposits of central Colorado were magmatic-hydrothermal in origin. However, 
Sheridan & Raymond (1977, 1984) suggested that the deposits formed on the ocean-floor by 
volcanic-exhalative processes and were subsequently metamorphosed. Based in large part on the 
"skam-like" mineralogy of the Cu-Zn deposits and the presence of tungsten skams in central 
Colorado, Heinrich (1981) suggested that Cu-Zn deposits were skams rather than volcanogenic 
exhalative massive sulfide (VHMS) ores. Previously, Salotti (1965) considered the Cotopaxi Cu-Zn 
deposit to be a skam. However, there are several reasons to suggest that the Cu-Zn deposits are 
VHMS deposits rather than skams, including: (1) Cu-Zn deposits in the Gunnison belt (e.g., Vulcan, 
Headlight, Anaconda), although not studied here in detail , occur in volcanic rocks metamorphosed to 
greenschist-lower amphibolite facies, and are devoid of typical skam minerals. Instead, banded and 
massive pyrite and sphalerite of, for example, the Vulcan deposit, the largest in the Gunnison area, 
are hosted by a fragmental quartz-chlorite schist that resembles a typical alteration assemblage 
associated with Archean VHMS deposits in the Canadian Shield (Franklin, 1993). (2) Unlike skam 
deposits, where a "coarse-grained, generally iron-rich, mixture of Ca-Mg-Fe-Al silicates" (Einaudi & 
Burt 1982) is associated with sulfides, silicates associated with Cu-Zn deposits in central and northern 
Colorado are dominated by Mg-Fe silicates (e.g. , anthophyllite, almandine, chlorite, phlogopite, 
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cordierite) or Mg-Ca silicates ( e.g., diopside, actinolite ), with only a subordinate amount of Ca-rich 
silicates. (3) Meta-exhalites are associated with several deposits. For example, banded iron formation 
occurs adjacent to Cu-Zn sulfides near the Cinderella and Bon Ton deposits and a gahnite-bearing 
schist crops out intermittently for 240 m along strike from the Sedalia deposit (Sheridan & Raymond 
1984). (4) Sillimanite "pod" rocks, which bear considerable resemblance to nodular sillimanite rocks 
in and adjacent to the Montauban Cu-Zn deposit, Quebec (Bernier 1982), Geco Cu-Zn deposit, 
Ontario (Zaleski & Peterson 1995), Don Mario Cu-Au deposit, Bolivia (Brazell et al. 1997), and the 
Bathurst-Norsemines Cu-Zn deposit, Northwest Territories (Casselman & Mioduszewska 1982), 
occur in and adjacent to most Cu-Zn deposits in central and northern Colorado. These are excellent 
marker horizons in central Colorado and likely represent stratabound alteration zones (Ray et al. 
1993, Shallow & Alers 1996). (5) Trace and major element studies of rocks in and adjacent to Cu-Zn 
deposits in central and northern Colorado by Ray et al. (1993), Alers & Shallow (1996), and Shallow 
& Alers (1996) showed that the deposits are hosted in polydeformed bimodal felsic to mafic volcano-
plutonic successions akin to those associated with Kuroko- and Noranda-type deposits. 
ZINC-RICH SPINEL LOCALITIES OF COLORADO 
Although more than 20 zincian spinel locations have been reported in central and northern 
Colorado (Lindgren 1908, Salotti 1965, Boardman 1971, Knight 1981, Ririe 1981, Sheridan & 
Raymond 1984) in and associated with Proterozoic sulfide Cu-Zn sulfide occurrences, thirteen of the 
more extensive zincian spinel occurrences have been studied here, namely: (1) Bon Ton, (2) 
Cinderella, (3) Sedalia, (4) Ace High/Jackpot, (5) Independence, (6) Betty (Lone Chimney), (7) 
Green Mountain, (8) Cotopaxi, (9) Marion, ( 10) Amethyst, ( 11) an unnamed prospect located in the 
San Isabel National Park, southwest of Pueblo, (12) Evergreen, and (13) Caprock (Independence 
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Mountains) (Figs. 1 and 2). Although some of the zincian spinel-bearing rocks were collected from 
outcrop, most were derived from dump samples near mine portals. 
ANALYTICAL PROCEDURE 
Samples from each location were studied petrographically and the compositions of silicates 
and oxides were obtained using an ARL-SEMQ electron microprobe in the Department of Geological 
and Atmospheric Sciences at Iowa State University. The operating conditions were an accelerating 
voltage of 15 kV and beam current of 20 nA. Natural and synthetic silicates and oxides were used as 
standards. Representative mineral analyses of spinels and coexisting minerals are given in Tables 1 
and 2 and all data are listed in Appendix 3. Total iron is expressed as FeO. Mineral and end-member 
abbreviations used throughout this work are those of Kretz (1983). Compositional ranges are given in 
the text using the following abbreviation. For example, Gah8_32Spl9_33Hc59_64 shows a range in the 
gahnite (Gab), spinel (Spl), and hercynite (He) molecules of 8 to 32 mole%, 9 to 33 mole%, and 59 
to 64 mole%, respectively. Figure 3 is a ternary plot of spinel compositions from the thirteen 
locations studied here in terms of Fe, Mg, and Zn. Table 3 contains a list ofrepresentative mineral 
assemblages from each location to illustrate the variable mineralogy of zincian spinel-bearing rocks 
whereas a complete list of minerals in each sample from the thirteen locations is given in Appendix 2. 
Minerals in minerals assemblages are listed in approximate order of abundance. 
GEOLOGY, PETROGRAPHY AND MINERAL CHEMISTRY 
Bon Ton deposit 
The small Bon Ton Zn-Cu deposit , located 6 km southwest of Salida, is hosted in a suite of 
Proterozoic feldspar-biotite-quartz-epidote gneiss , homblende-plagioclase amphibolite, feldspathic 
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quartzite, and nodular sillimanite gneiss ("pod rock") (Ray et al. 1993). Other lithologies in the 
immediate vicinity of the deposit are quartz-feldspar-muscovite-sillimanite gneiss, quartz-biotite-
feldspar-garnet-gahnite gneiss, amphibole rocks, biotite-quartz-feldspar-amphibole gneiss , nodular 
quartz-biotite ± feldspar± muscovite ± sillimanite gneiss, iron formation, quartzite, and quartz-
feldspar-biotite gneiss (Knight 1981 ). Sphalerite, pyrite, chalcopyrite, sphalerite, and secondary 
covellite occur in three stratabound horizons in a 1.5 m wide iron formation interlayered with nodular 
quartz-biotite± sillimanite ± muscovite ± microcline ± garnet± gahnite gneiss, quartz-biotite-
feldspar-magnetite ±garnet± gahnite schists, plagioclase-amphibole gneisses, and feldspar-biotite-
quartz-amphibole schist. The "nodules" are composed of quartz and sillimanite with rare microcline, 
garnet, and/or gahnite. Also present are coarse-grained garnet-biotite rocks (Knight 1981 ). 
Coarse gahnite (up to 6mm in diameter) occurs in gahnite-quartz rock interlayered with fine-
grained gahnite (< 1mm in diameter), biotite, quartz, and chalcopyrite (Sheridan & Raymond 1984), 
and the assemblages: (1) almandine-biotite-quartz-gahnite-sphalerite ± chlorite ±muscovite± pyrite 
± chalcopyrite ± pyrrhotite ± plagioclase (andesine) ± sillimanite, and (2) gahnite-biotite or 
phlogopite-quartz-sphalerite-pyrite-chalcopyrite-covellite ± chlorite. Electron microprobe analyses 
show that the zincian spinel is gahnite (Gah64-74Spl6_11 Hc20_30) and that biotite and chlorite contain up 
to 0.38 and 0.44 wt.% ZnO, respectively. Gahnite has replaced sillimanite (Fig. 4a) and may have 
formed by a reaction of the type (Hobbs 1975): 
(1) 
sphalerite sillimanite gahnite quartz 
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Cinderella deposit 
The Cinderella deposit consists of Zn-Cu and Pb-Zn-(Cu) mineralization located 2 km south 
and along strike from the Bon Ton deposit (Ray et al. 1993) (Fig. 2). Sillimanite-quartz-muscovite-
microcline gneiss, calc-silicate rocks, quartz-biotite-epidote gneiss, gahnite-sillimanite "pod rock", 
muscovite schist, garnet gneiss, and amphibolites occur in the mine area. As with the Bon Ton 
deposit, the mineralized horizon, which contains sphalerite, galena, chalcopyrite , and pyrite, is 
spatially related to sillimanite "pod rock" (Fig. 4b ), biotite gneisses, and discontinuous zones of 
anthophyllite rock. The "pod rock" is particularly prominent in the Cinderella-Bon Ton area where it 
extends for over 8 km and is up to 400 m wide. The Cinderella deposit occurs on the south-east limb 
of a northeasterly plunging fold whereas the Bon Ton deposit occurs at the closure of the fold. 
Isoclinal folds near the Cinderella deposit are evident. The Boulder Creek granite crops out 1.6 to 3 .2 
km west-northwest of the mineralized horizon. 
Zincian spinel occurs in the following assemblages: (1) actinolite-phlogopite-gamet 
(spessartine)-zincian spinel, (2) zincian spinel-anthophyllite-phlogopite-tremolite ± clinohumite ± 
serpentine± sphalerite ± pyrite, (3) zincian spinel-chlorite-anthophyllite phlogopite-sillimanite ± 
pyrite, (4) phlogopite-quartz-gamet-gahnite-chlorite ± anorthite ± sillimanite, and (5) gamet-
phlogopite-gahnite-quartz ± K-feldspar. · 
Spinels from the Cinderella deposit fall into two compositional groups. Gahnite (Gah66_ 
70Spl1 4-1sHc16-1 9) occurs in amphibole-free assemblages (4 and 5) whereas gahnospinels (Gah38_42Spl39_ 
57Hc4_23 ) formed in amphibole-bearing assemblages (1 , 2, and 3) . The composition of gahnites is 
similar to that found in amphibole-free rocks from the Bon Ton deposit. 
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Sedalia deposit 
The Sedalia Cu-Zn deposit, located 2.5 km northwest of Salida (Figs. 2 and 5), was the 
largest base metal producer in Colorado with past production estimated at 100,000 tons of Cu+Zn by 
Heyl (1964) and has been studied by several workers including Lindgren (1908), Boardman (1971), 
Heyl (1964), Heinrich (1981), Sheridan & Raymond (1984), and Ray et al. (1993). Sulfides are 
enclosed in northeast trending feldspathic gneiss, mica schist, amphibolite, gamet-cordierite-
amphibole gneiss, and garnet schist that dip to the southeast and which are metamorphosed to the 
amphibolite facies. These rocks were subsequently intruded by north-northeast oriented granitic 
pegmatites and small gabbro bodies (now metagabbros) (Sheridan & Raymond 1984) (Fig. 5). 
According to Heinrich (1981 ), the deposit is located on the southeast limb of a faulted anticline, 
mainly within amphibolite and quartz-biotite gneiss that are bounded by two NE-trending faults. 
Quartz-monzonite intrusions of the Boulder Creek batholith crop out approximately 3 km northwest 
of the Salida deposit (Heinrich 1981 ). 
Sphalerite and chalcopyrite with associated galena, covellite, pyrite, marcasite, pyrrhotite, 
magnetite, and gahnite occur in the ore zone hosted by coarse-grained gamet-cordierite-anthophyllite-
gedrite-biotite rocks, sillimanite and andalusite "pod rock," magnetite-chlorite-almandine rocks , 
nodular homblende-epidote-quartz-sillimanite-plagioclase-serpentine rocks, monominerallic 
actinolite rocks, tremolite-plagioclase rocks , and tremolite-chlorite rocks (Heinrich 1981, Ray et al. 
1993). 
Gahnite and zincian hercynite (Ga~0_72 Spl9. 16Hc 19_44) form fine- to coarse-grained, subhedral 
to euhedral, green crystals that occur in the following assemblages: (1) gedrite-cummingtonite-
biotite-ilmenite-gahnite ± chlorite ± sphalerite ± galena± pyrite± magnetite; (2) gedrite-gahnite ± 
magnetite± ilmenite± chalcopyrite ± sphalerite; and (3) gedrite-cummingtonite-almandine-
cordierite-quartz-gahnite-staurolite ± biotite ± chlorite ± magnetite± ilmenite± pyrrhotite ± 
chalcopyrite ± covellite. A cummingtonite-gahnite-biotite-hypersthene (?)-magnetite-pyrite-
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chalcopyrite assemblage was previously documented by Spry (1984). Although generally coarse-
grained, gahnite also occurs as isolated inclusions (0.1 mm in diameter) in gedrite and cordierite. 
Apart from enrichments of Zn in sphalerite and gahnite, up to 4.0 wt. % ZnO, 0.31 wt. % ZnO, and 
0.44 wt. % ZnO occur in staurolite, cordierite, and chlorite, respectively. 
Ace High/Jackpot prospect 
The Ace High/Jackpot prospect is one of three Cu-Zn occurrences in the Turret District, 
located approximately 6 km northeast of Salida, which contain gahnite (Fig. 2). The other two 
deposits are the Independence deposit ( described below) and the Turret deposit. Gray banded biotite-
quartz gneisses, amphibolites, biotite schists, and sillimanite "pod rocks" (Van Al tine 1969) constitute 
the highly foliated country rocks that host a vein of chalcopyrite in massive quartz (Boardman 1971, 
Ray et al. 1993). The altered rock package immediately surrounding the chalcopyrite mineralization 
is composed of coarse-grained gahnite-phlogopite-muscovite-chlorite gneiss, banded garnet-
biotite±pyrite gneiss (garnets up to 1 cm in size), sillimanite "pod rock," magnetite-bearing 
hornblende gneiss, and anthophyllite-gahnite schist. Quartz monzonite intrudes the Proterozoic 
metamorphic rocks approximately 1.5 km east and 2.5 km north of the mine area. 
Most gahnite-bearing rocks are composed of (1) phlogopite-gahnite-chlorite-fluorapatite-
sericite ± sillimanite ± quartz± chalcopyrite, with accessory amounts of rutile and/or rare allanite, 
epidote, dravite, clinohumite, and zircon, and (2) anthophyllite-cummingtonite-gahnite-chlorite-
sericite ± phlogopite. Zincian spinel in the Ace High/Jack Pot deposit is enriched in the gahnite 
molecule ( 46-61 mole percent gahnite) and contains, in decreasing order of abundance, smaller 
proportions of the spine} (Sp}i4_35 ) and hercynite (Hc8_19) molecules. Compositional zoning in gahnite 
in sample AHCO-112 shows an enrichment from core to rim of 2 mole% ZnAhO4 with a 
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concomitant depletion of 4 mole % (FeA}zO4 + MgA}zO4). Phlogopite contains up to 0.5 wt. % ZnO 
and up to 1.7 wt.% F whereas chlorite incorporates up to 0.89 wt.% ZnO. 
Independence deposit 
The Independence Cu-Zn deposit may occur along the same stratigraphic horizon as the 
nearby Ace High/Jackpot prospect as both are hosted by mica schists and gneisses, with minor 
amphibolite, granite, and pegmatite (Lindgren 1908, Boardman 1971, Heinrich 1981 , Ray et al. 
1993). Chalcopyrite occurs in coarse-grained banded gahnite-anthophyllite rocks, banded marbles 
(Fig. 4c ), sillimanite-muscovite-quartz ("pod rock") gneisses, and very coarse-grained garnet-rich 
gneiss. 
Coarse gahnite (up to 1 cm in diameter) occurs in the following assemblages: (1) 
anthophyllite-phlogopite-gahnite-Zn-Mn ilmenite-chlorite ± sillimanite ± chalcopyrite ± sphalerite ± 
pyrrhotite ± covellite ± molybdenite; (2) homblende-cummingtonite-gahnite-phlogopite-chlorite-
ilmenite ± zircon± allanite ± sphalerite ± chalcopyrite (Fig. 4d) ; (3) phlogopite-chlorite-gahnite-
apatite-zircon; and ( 4) quartz-cordierite-almandine-andesine-gahni te-sillimanite-staurolite-bioti te-
chlorite (retrograde)-ilmenite-magnetite ± chalcopyrite (Fig. 4e). Rutile, apatite, and zircon are 
common accessory minerals. 
Zincian spinels from Independence mine fall into two distinct compositional groups. Most 
spinels in amphibole-bearing assemblages are enriched in the gahnite molecule (Gah69_79Spl 11 _16Hc9_ 
17) ; however, a second group, which contains almost equal amounts of the gahnite and hercynite 
molecules (Ga~2_47Spl 12_13Hc41 _46) is associated with the almandine-, cordierite-, and staurolite-
bearing assemblage. An up to 5 mole % enrichment in the gahnite molecule from core to rim is 
associated with a variation in color from dark green (core) to pale green (rim). Staurolite present in 
this assemblage contains up to 2.5 wt.% ZnO. Anthophyllite, cummingtonite, and hornblende contain 
up to 0.9 wt. % ZnO whereas phlogopite and chlorite contain up to 0.6 wt. and 0.9 wt. % ZnO, 
respectively. 
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The dehydration of zincian staurolite has been proposed in the literature ( e.g. Moore & Reid 
1989, Zaleski et al. 1991) as a possible gahnite-forming reaction. However, textural evidence is 
insufficient to confirm that such a reaction has formed zincian hercynite at Independence. 
Betty (Lone Chimney) deposit 
The small Betty Cu-Pb-Zn-Ag-Au deposit, located southwest of Guffey, consists of semi-
massive sulfides in northeast trending-southwest dipping-biotite gneisses, quartz-muscovite schist, 
sillimanite-cordierite gneiss, and amphibolite metamorphosed to upper amphibolite facies (Heinrich 
1981). These lithologies were intruded to the south and east of the deposit by the Boulder Creek 
granite. The metamorphic sequence is cut by two Oligocene dikes of the Guffey Volcanic series 
(Heinrich 1981), which were injected along the mineralized zone, one of which constitutes the 
hanging wall of the mineralization. Locally, three sulfide lenses form a mineralized zone up to 4 m 
wide, hosted in quartz-cordierite-sillimanite gneiss in which cordierites are up to 10 cm in diameter, 
sillimanite "pod rock" with sillimanite rods up to 15 cm in length, calc-silicate gneisses, cordierite-
anthophyllite rocks, coarse actinolite±biotite and anthophyllite rocks, and massive zincian spinel 
rocks and quartz-zincian spinel veins in which spinels up to 5 cm in diameter formed. Metallic 
minerals include pyrite, chalcopyrite, sphalerite, galena, pyrrhotite, covellite, ilmenite, magnetite, and 
hematite. Bomite, which was reported by Heinrich (1981 ), was not observed here. Sulfides occur as 
disseminations in or interstitial to silicates, particularly anthophyllite, gedrite, cummingtonite, and 
zincian spinels, and along fractures in the latter. 
Although zincian spinel is found in all of the host rocks, the most common zinc spinel-
bearing assemblages are: (1) gedrite-almandine garnet-zinc hercynite-homblende-phlogopite-ilmenite 
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± quartz± corundum ± staurolite ± cordierite ± chlorite ± chalcopyrite ± pyrrhotite ± pyrite ± 
hematite, (2) quartz-cordierite-gahnite-plagioclase-sillimanite-chlorite-sercicite ± phlogopite ± zircon 
± hematite, (3) anthophyllite-Mg gahnite-chlorite-rutile, (4) curnmingtonite-phlogopite-Mg gahnite-
sericite-allanite ±magnetite± hematite± pyrite± covellite, (5) gedrite-phlogopite-Mg gahnite-
chlorite-cordierite-corundum ±zircon± ilmenite± sphalerite, (6) gedrite-cummingtonite-Mg gahnite-
pyrrhotite-chalcopyrite-sphalerite ±galena± pyrite± chlorite, and (7) curnmingtonite-forsterite-Zn 
spinel-serpentine-calcite-clinohumite ±magnetite± chalcopyrite ± pyrrhotite ± pyrite. Chlorite is a 
common retrograde product, sometimes followed by sericite, allanite, epidote, and calcite, whereas 
zircon is a ubiquitous accessory mineral. Gahnite-plagioclase-anthophyllite (?)-quartz-chalcopyrite-
sphalerite-galena and chlorite-humite-gahnite-anthophyllite-quartz-sphalerite-chalcopyrite 
assemblages were reported previously by Spry (1984). 
The composition of spinels from the Betty deposit is very variable and ranges from gahnite to 
gahnospinel to zincian hercynite (Table 1, Figure 2; Appendix 1 ). Spinel associated with mineral 
assemblages characterized by gedrite (± hornblende), almandine garnet, and phlogopite (assemblage 
(1)) are dominated by the hercynite molecule (Gah8_32Spl9_33Hc59_64). These samples contain only 
trace amounts of pyrrhotite, pyrite along with chalcopyrite and sphalerite. Gahnite (Gah55_79Spl3_ 
13Hc1s-33) occurs in the Fe-rich and amphibole- and sulfide-free assemblage (2) quartz-cordierite-
gahnite-plagioclase-sillimanite ± phlogopite, whereas Mg-rich gahnite (Ga~8_56Sph0_35Hc 12_20) occurs 
in Mg-Fe-rich assemblages ((3), (4), (5), and (6)) characterized by anthophyllite-, gedrite- or 
cummingtonite-chlorite-Mg gahnite ± phlogopite ± cordierite ±corundum± ilmenite± magnetite± 
hematite± sphalerite ± chalcopyrite ± galena± pyrite. 
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Green Mountain deposit 
The Green Mountain Cu-Zn deposit, located in the Wet Mountains approximately 20 km 
southwest of Cafion City, occurs in migmatitic, quartz-feldspar-biotite, and quartz-cordierite-biotite 
gneisses. Granodiorite of the Boulder Creek intrusion crops out 1.6 km northeast of the mine. Ririe 
(1981) reported P-T conditions of 550° to 680°C and 4 kbar for rocks near the Green Mountain mine 
based on the stability of quartz, K-feldspar, Ca-rich plagioclase, hornblende, and minor sillimanite, 
biotite, almandine, and muscovite. Assuming a pressure of 4 kbar, garnet-biotite geothermometry 
applied to twelve pairs from two samples obtained here using the calibration of Bhattacharya et al. 
(1992), yields a temperature range of 510-628°C, which is within the temperature range estimated by 
Ririe (1981). 
Although the reserves of the deposit are unknown, a drilling program by Phelps Dodge 
between 1979 and 1994 intersected two sulfide horizons; an upper zone of 1.1 to 2.3% Cu and 0.2% 
Zn over 1.2 to 3.3 m, and a lower zone ofup to 18.1 % Cu and 4.3% Zn over 1.5 m, which parallels 
sedimentary layering and a strong foliation (Ray et al. 1993). Host rocks to ore are composed of 
sillimanite-garnet ± cordierite "pod rock" with coarse-grained garnet crystals, coarse-grained quartz-
garnet gneiss, anthophyllite-gahnite rock, garnet amphibolite, garnet-sillimanite gneiss, quartz-garnet 
rock, quartz-biotite gneiss, garnet-bearing pegmatite, and biotite gneisses. The garnet hornblendite , 
garnet-sillimanite gneiss, and quartz-garnet rock show a striking resemblance to rocks spatially 
associated with the Broken Hill deposit, Australia, with the garnet-sillimanite gneiss being almost 
indistinguishable from the well known "Potosi gneiss" (Johnson & Klingner 1975). The garnet-
quartz rocks resemble meta-exhalites spatially associated with metamorphosed base metal sulfide 
deposits elsewhere in the world, including Broken Hill (Spry et al. 2000). Gamet is almandine-rich, 
contains occasional sillimanite inclusions, and occurs in contact with quartz, andesine, minor biotite, 
and trace chalcopyrite and sphalerite. The garnet amphibolite is composed of garnet, hornblende, 
quartz, plagioclase, ilmenite and also contains pyrite, chalcopyrite, and sphalerite. 
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Zincian spinels occur as small crystals and as porphyroblasts (up to 1 cm in diameter) that 
commonly contain inclusions of ilmenite, pyrrhotite, chalcopyrite, gedrite, phlogopite, ilmenite, and 
magnetite. In places, gahnite occurs as inclusions in or partially surrounded by sphalerite and 
hornblende (Fig. 4f). Although gahnite-forming reactions are uncertain, gahnite clearly replaced 
biotite in some samples (Fig. 6a and b ). Zincian spinel-bearing assemblages include: ( 1) gedrite-
phlogopite-hercynite-magnetite ± chalcopyrite ± pyrrhotite ±hematite± ilmenite; (2) gedrite- or 
anthophyllite-Zn spinel (Gah28_29Spl37-39Hc33_35)- phlogopite-magnetite-ilmenite; (3) homblende-
cummingtonite-gahnite-andesine-chalcopyrite-sphalerite-biotite-pyrite-pyrrhotite-magnetite-hematite-
ilmenite ± allanite ± rutile ± calcite; ( 4) cummingtonite-gahnite-pigeonite-Zn ilmenite-chalcopyrite-
pyrrhotite-sphalerite-magnetite (Fig. 6c ); (5) gedrite-phlogopite-gahnite-andesine-chalcopyrite-
pyrrhoti te-ilmeni te; and ( 6) quartz-bi oti te-almandine-gahni te-sillimani te-pyri te-chalcopyri te-
sphaleri te. Spinel in assemblage (1) is hercynite-rich (Gah0_2_0.4Spb_41 Hc59_63), that in assemblage (2) 
is more enriched in the spinel sensu stricto molecule (Gah28_29Spb_39Hc33_35), whereas spinels in 
assemblages (3-6) are gahnites (Gah59_69Spl10-19HC19_27). The rims of spinels are enriched by up to 4.9 
mole % gahnite and depleted by 3. 7 mole % hercynite and 1 mole % spinel. Cummingtonite, 
pigeonite, ilmenite and phlogopite contain up to 0.6 wt. %, 0.6 wt. %, 2.0 wt% ZnO and 0.4 wt.% 
ZnO, respectively. 
Cotopaxi deposit 
Cotopaxi is a well-studied Zn-Cu deposit located 1.6 km northwest of the town of Cotopaxi 
(e.g., Lindgren, 1908, Heinrich and Salotti , 1959, Salotti, 1965; Ririe, 1981). Ray et al. (1993) 
reported that 1,316 tonnes of Zn, 81 tonnes of Cu, 70 tonnes of Pb, 330 kg of Ag, and 5 kg of Au 
were produced from the deposit since the l 880's. Quartz-biotite-feldspar-sillimanite gneiss, 
sillimanite "pod rock," and pegmatitic rocks surround the sulfide mineralization in a package of rocks 
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that grades diffusely into gneissic granite of the Boulder Creek batholith. Salotti ( 1965 ), Heinrich 
(1981), and Ray et al. (1993) argued that the quartzofeldspathic gneisses constitute a xenolith (1.2 km 
by 0.8 km) that formed as a roof pendant to the Boulder Creek gneissic granite. The ore body is 
hosted in amphibolite, sillimanite schist, and biotite gneiss. The deposit has long been known for its 
coarse specimens of gahnite (Dana, 1898) where it occurs as porphyroblasts up to 1 cm in diameter 
in: (1) gahnite-anthophyllite rocks (Fig. 6d), (2) sillimanite-biotite-chalcopyrite-bearing "pod rock", 
(3) coarse-grained anthophyllite-biotite gneiss, (4) fine-grained garnet-quartz-gahnite gneiss, (5) 
pegmatitic gahnite-biotite rock (Fig. 6e), and (6) massive chalcopyrite-galena-gahnite ore. 
The most common zincian spinel-bearing assemblages are: (1) anthophyllite-phlogopite-
gahnite ± rutile, (2) actinolite-forsterite-gahnospinel-chalcopyrite-galena-sphalerite ± pyrrhotite ± 
pyrite ± phlogopite ± magnetite ± clinohumite ± ilmenite ± covellite ± molybdenite and retrograde 
serpentine, chlorite, and calcite (Fig. 6f), (3) quartz-phlogopite-gahnite-sphalerite-galena-magnetite-
rutile ± chalcopyrite ± pyrrhotite ± molybdenite, ( 4) cummingtonite-quartz-biotite ( or phlogopite) ± 
diopside ±olivine± zincian spinel ± clinohumite ± rutile ± sillimanite ±garnet± plagioclase K-
feldspar ±zircon± chalcopyrite ± galena± sphalerite ±pyrite± pyrrhotite ±molybdenite± magnetite 
± ilmenite (Fig. 7a), and (5) hornblende-quartz-biotite-ilmenite ± garnet± plagioclase ± cordierite ± 
spinel (?) ± epidote ± chalcopyrite ± sphalerite. Forsterite is commonly altered to talc to serpentine 
whereas calcite, Fe-chlorite, sericite, clinohumite, and epidote are common retrograde products as 
well. 
Compositions of zincian spinels obtained only from the most common assemblages (1), (2) 
and (3) fall into two distinct compositional groups. Pale to green spinels (up to 1 cm in diameter) 
from assemblages (1) and (3), showed that they are enriched in the gahnite molecule (Gah65 _77Spl9_ 
18Hc 12_17) whereas those in assemblage (2) are pale to dark green and contain a high proportion of the 
spinel sensu stricto molecule (Gah39A5Spl47_56Hc4_8). Spinels show no evidence of compositional 
29 
zomng. ZnO contents of up to 0.3 wt. %, 0.4 wt. %, 0.8 wt. %, 0.3 wt%, and 0.3 wt. %, occur in 
anthophyllite, actinolite, phlogopite, forsterite, and chlorite, respectively. 
Gahnite at Cotopaxi probably formed in a variety of ways. Salotti (1965) suggested that 
gahnite-formed prior to sphalerite and it is tempting to suggest that sphalerite may have, in part 
formed by the sulfidation of gahnite. However, the ores have been recrystallized and sphalerite, in 
places, partially or completely surrounds gahnite (Fig. 7a), which may simply be a function of the 
ductility difference between sphalerite and gahnite. In noting the presence of alternating bands of 
gahnite and sphalerite in several Cotopaxi samples, Ririe (1981) proposed that gahnite formed by 
reaction (1 ). Gahnite in pegmatitic veins most likely precipitated directly from a metamorphic 
hydrothermal solution. 
Marion deposit 
The Marion deposit, located 4 km west of San Isabel, is the largest of the zinc spinel-bearing 
massive Cu-Zn occurrences in the Wet Mountains, the other two being the Amethyst prospect and an 
unnamed prospect. These deposits were metamorphosed to the upper amphibolite-granulite facies 
(Raymond et al. 1980). Sulfide mineralization is stratabound and the orebody strikes north-east and 
plunges down-dip from the surface for approximately 70m. Although the size of the deposit is 
unlrnown, it contains considerable amounts of sphalerite, chalcopyrite, galena, pyrite, and pyrrhotite. 
Rocks in the Marion mine area consist of amphibole-bearing gneisses, calc-silicate gneisses, 
and impure marble surrounded by the 1.4 Ga San Isabel Granite of the Silver Plume intrusion 
(Raymond et al. 1980). The geological relationship between the granite and the metamorphic rocks 
remains uncertain. Boyer (1963) and Heinrich (1981) argued that the metamorphic rocks were part of 
a large xenolith in the San Isabel Granite; however, it is equally possible that they may be a roof 
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pendant or part of the basement that has projected upward into the granite batholith (Raymond et al. 
1980). 
Although zincian spinel was reported by Raymond et al. ( 1980) in the upper adit of the 
Marion mine in the assemblage sapphirine-amphibole-zincian spinel±biotite, samples obtained here 
contain dark green Zn-bearing spinel (up to 1 cm in size) in the following assemblages: (1) spinel-
phlogopite-plagioclase (anorthite)-cordierite-sapphirine-corundum ± rutile; (2) phlogopite-Zn spinel-
cummingtonite-homblende-anorthite ± sillimanite ± allanite ± rutile ± calcite ± apatite ± zircon ± 
magnetite± pyrite± pyrrhotite ± sphalerite ± chalcopyrite ± galena; (3) forsterite-gahnospinel-
chalcopyrite-galena-sphalerite- clinohumite ±magnetite± pyrite± pyrrhotite ± marcasite; (4) 
sphalerite-diopside ± gahnospinel ± serpentine ± pyrrhotite ± pyrite ± chalcopyrite ± marcasite ± 
magnetite; (5) forsterite-diopside-phlogopite-chalcopyrite-pyrrhotite-sphalerite ± gahnospinel ± 
anorthite ±calcite± pyrite; (6) actinolite-anorthite-Mg gahnite-phlogopite-quartz-sphalerite ± zircon 
± chalcopyrite ±galena± pyrrhotite ±pyrite± galena; and (7) sphalerite-tremolite-diopside-anorthite-
gahnospinel ±pyrite± chalcopyrite ± pyrrhotite ±molybdenite± marcasite ± calcite. Calcite, 
serpentine, and sericite are common retrograde products of pyroxene, olivine, and plagioclase, 
respectively, whereas inclusions of hematite, approximately 1-10 µmin diameter, appear to be 
breakdown product of spine!. 
In places, anhedral dark green spinel has grown as a corona around subhedral to euhedral 
corundum crystals that contain cordierite and corroded sapphirine inclusions (Fig. 7b ). Around this 
corona, there is a moat of cordierite that locally includes anorthite, followed by phlogopite. These 
coronas, which indicate the low diffusion rate of Al and Si between reacting minerals, occur in a 
matrix of phlogopite and cordierite. The spinel forming reaction is most likely: 
corundum+ sapphirine = spinel + cordierite. (2) 
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Compositions of spinels from Marion deposit appear as four distinct compositional groups. 
Mg-rich gahnite (Gah53_56Spl36_38Hc7_11 ) and Zn spinel (sensu stricto) (Gah31-43Spl53_73Hc1 -6) occurs in 
assemblages (6) and (3), (4), and (7), respectively. Assemblages (1) and (2) contain spinel (Gah1s-
21Spl54_62Hc19_25) and Zn-bearing spinel (sensu stricto) (Gah1-2SphoHC29_30), respectively. All samples 
are dominated by Mg- and Ca-rich silicates and spinel of assemblage (I) contains no sulfides and 
probably formed via reaction (2). Apart from sulfide-absent sample AHCO-87 (assemblage (1)), all 
other zincian spinels samples from Marion contain significant amounts of the gahnite molecule and 
coexist with sphalerite, chalcopyrite, and minor pyrrhotite and pyrite (plus galena and molybdenite). 
Although up to 0.82 wt.% ZnO was obtained in tremolite from sample AHCO-95, all other silicates 
are deficient in Zn. 
Amethyst prospect 
The Amethyst prospect, which is located approximately 1.5 km southwest of the Marion 
mine, contains chalcopyrite, sphalerite, galena, pyrrhotite, and pyrite in sapphirine-amphibole, spinel-
amphibole, and amphibole-biotite gneisses within the San Isabel Granite (Raymond et al. 1980). 
Sapphirine is more common than at the Marion deposit and was observed in the following spinel-
bearing assemblages by Raymond et al. (1980): sapphirine-amphibole-cordierite-spinel; sapphirine-
amphibole-plagioclase-spinel ± phlogopite; sapphirine-amphibole-spinel ± phlogopite ± cordierite ± 
sulfides; sapphirine-amphibol~-spinel ± phlogopite ± corundum; sapphirine-cordierite-phlogopite-
spinel; sapphirine-cordierite-plagioclase-spinel; and sapphirine-spinel-phlogopite ± corundum± 
sulfides. 
The following spinel-bearing assemblages were observed herein: (1) gedrite-cordierite-
phlogopite-spinel-sapphirine-anorthite ± rutile ±corundum± epidote ±magnetite± sphalerite ± 
chalcopyrite ± pyrrhotite ± pyrite, and (2) olivine-calcite-serpentine-chalcopyrite-sphalerite-galena ± 
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clinohumite ± zincian spinel ± magnetite ± pyrrhotite ± pyrite. Spinel from assemblage ( 1) forms as 
inclusions in (Fig. 7c) or as intergrowths with sapphirine. The genetic relationship between 
sapphirine and spinel remains unclear but the presence of a preserved cleavage trace in spinel that, in 
places, continues into adjacent sapphirine crystals suggests spinel may have formed after sapphirine. 
Despite Raymond et al. 's (1980) proposal that the green spinel in Amethyst samples is zincian spinel, 
the spinel (Gaho_13Spl57_61 Hc37_46) essentially consists of spinel sensu stricto and hercynite and is 
deficient in gahnite. 
Unnamed prospect 
The unnamed prospect is located 150 m west-northwest of the Amethyst prospect and include 
chalcopyrite, sphalerite, pyrite, pyrrhotite, galena, and covellite in medium- to coarse-grained 
amphibole-orthopyroxene and calc-silicate gneisses and impure marble. Using the calibration of 
Vielzeuf (1983), spinel-cordierite geothermometry for 12 cordierite-spinel pairs in 4 samples yields a 
range of temperatures of 7 40° to 930 °C. These values are higher than those temperatures ( ~600°C) 
reported by Goodge & Siddoway (1997), based on the assemblage cordierite-sillimanite-andalusite 
from the northern Wet Mountains. 
Spinel-bearing assemblages identified by Raymond et al. (1980) are sapphirine-
orthopyroxene-spinel-phlogopite±sulfides and sapphirine-amphibole-spinel±sulfides whereas those 
identified herein include: (1) spinel-phlogopite-enstatite-gedrite-sapphirine-cordierite-sillimanite ± 
anorthite ± clinohumite ± calcite (retrograde)± oxides (ilmenite, magnetite, rutile) ± sulfides 
(sphalerite, galena, pyrite, covellite , chalcopyrite) ; (2) spinel-enstatite-gedrite-phlogopite-
clinohumite-sillimanite ± rutile ± sapphirine ± chalcopyrite ±magnetite± ilmenite± calcite; (3) 
spinel-anthophyllite ( or gedrite )-enstatite-cordierite-phlogopite- sillimanite-ilmenite ± sapphirine ± 
anorthite ±muscovite± oxides and sulfides (chalcopyrite, magnetite, galena, sphalerite, pyrrhotite, 
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pyrite). Common accessory minerals in these assemblages include zircon, ilmenite, and retrograde 
calcite. 
Spinels from the unnamed prospect indicate that they are essentially spinel (sensu stricto)-
hercynite solid solutions with up to 4.5 wt. % ZnO (Gaho_2_9Spl54_77HC23_3g). The zinc-bearing spinels 
occur in assemblage (3) in association with minor sphalerite, galena, chalcopyrite, pyrrhotite and 
pyrite. Sapphirine contains up to 0.5 wt. % ZnO and ilmenite possesses up to 13 wt. % MgO. 
A hematite inclusion filled variety of spinel commonly surrounds a relatively inclusion free 
variety of spinel with both varieties having overgrown oriented needles of sillimanite (Fig. 7d). In 
places, spinel has replaced corundum and sapphirine and retains the lamellar structure of multiple 
twins in corundum and/or sapphirine (Fig. 8a); anthophyllite or gedrite commonly occur along the 
margins of spinel (Fig. 8b ). A third variety of spinel occurs as a symplectic intergrowth with gedrite 
in embayments within cordierite (Fig. 8b). The intergrowth nucleated on both the hematite inclusion 
filled variety of spinel and gedrite and/or enstatite crystals. The likely reaction is: 
cordierite = spinel + gedrite. (3) 
The presence of sapphirine rims around spine} and spinel inclusions in sapphirine spatially 
associated with orthopyroxene indicate that sapphirine, probably formed by the reaction (Kriegsman 
& Schumacher 1999): 
orthopyroxene + spinel + corundum = sapphirine. (4) 
The presence of sapphirine coronas around spine ls in rocks that also contain enstatite likely formed 
during metasomatic processes by the adding addition of Si and the removal of Mg and Fe (e.g., 
Nalivkina 1961, Zotov 1966 Dunkley et al. 1999). 
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Evergreen 
The Evergreen site, located in the eastern part of the Front Range, 33 km southwest of 
Denver and 8 km northwest of Evergreen, is described in a separate paper and will only be 
summarized here (see also Heimann et al. 2000). Gedrite-cordierite gneisses likely were the products 
of hydrothermal alteration involving seawater of sedimentary and/or volcanic precursors and may 
constitute stratabound alteration zones associated with base metal sulfide mineralization. They 
potentially serve as indicators to metamorphosed sulfides in Colorado and elsewhere. 
Zincian hercynite in this locality is an accessory mineral in coarse gedrite-cordierite-
almandine garnet gneisses within interlayered sillimanite "pod rocks," sillimanite-muscovite-quartz-
garnet gneisses, amphibolites, and minor calc-silicate rocks. The stability fields of cordierite + 
garnet, cordierite + staurolite, and temperature constraints related to the upper stability limit of 
staurolite and the gedrite-anthophyllite solid solution suggest P-T conditions of 590-680 °C and 2.0-
5.4 kbars. 
Gedrite-cordierite gneisses preserved corona textures characterized by aluminous enclaves 
composed of zinc-bearing hercynite (Gah7_51 Spl 15_39Hc 16_74) , staurolite with up to 0.89 wt. % ZnO, 
corundum, cordierite, and relict sillimanite, associated with ilmenite and later-formed hogbomite , 
which are separated from gedrite, cordierite, almandine, and quartz by a corona of cordierite. The 
aluminous minerals ("enclave" association) are nowhere in contact with gedrite and garnet ("matrix" 
association). Hercynite-cordierite symplectites were developed in contact with sillimanite between 
gedrite and sillimanite in the inner part of the cordierite shell. Staurolite-corundum-cordierite and 
hercynite-cordierite-corundum pseudomorphs mimic the shape of prismatic sillimanite crystals. 
Minor amounts (<1 %) of retrograde phlogopite, chlorite, and sericite partially replace gedrite, garnet, 
and cordierite. 
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Textural studies and phase relationships in the system FeO-MgO-AhOrSiOrH:1O ± ZnO ± 
TiO2 suggest the following set of diffusion-controlled reactions, which were derived from the peak 
assemblage gedrite + sillimanite ±quartz± hercynite: 
gedrite + sillimanite + quartz = cordierite + garnet 
gedrite + sillimanite = hercynite + cordierite + quartz 
gedrite + sillimanite + hercynite = staurolite + cordierite 
gedrite + sillimanite = staurolite + cordierite + quartz 
sillimanite + hercynite = staurolite + corundum 
staurolite = cordierite + hercynite + corundum 








These textures were preserved as a result of decompression during exhumation, probably 
related to later stages of the collision of the Mazatal and Yavapai provinces and as a result of low 
diffusivity of aluminum and low fluid to rock ratio. Hogbomite formed along a retrograde cooling 
path after the development of the aluminous "enclaves". 
Caprock deposit 
The Caprock Pb-Zn-Ag deposit, which is located in the Independence Mountains, 5.6 km 
southeast of Pearl, contains approximately 800,000 tonnes of 8% Zn in a sequence ofbiotite-
sillimanite-quartz gneiss ("pod rock") and quartz-feldspar-sillimanite-gamet-biotite gneisses. The 
"pod rock" is composed of 50-70% quartz, 30-45% muscovite, and approximately 20% sillimanite 
(Klipfel 1992), is up to 75 m thick and extends intermittently along strike for> 1 km. It occurs in the 
structural hanging wall of the ore zone (Ray et al. 1993 ). The Cap Rock area was subjected to three 
episodes of folding, of which the second generation occurs as northeast trending chevron folds . The 
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mineralization, however, occurs along the limbs of first generation of folds (Ray et al. 1993) and 
predates folding. 
Two different types of spinels were identified. Gahnite (Gah61 _80Spl 13_20Hc5_n), up to 7 mm in 
diameter, occurs in gahnite-almandine garnet-biotite gneiss, sillimanite "pod rock", and in a massive 
gahnite horizon 4 cm thick, in the assemblage gahnite-almandine-phlogopite-andesine or oligoclase-
quartz ±muscovite± chlorite ±zircon± epidote ± allanite ±apatite± rutile ± chalcopyrite ± pyrite. 
The second type corresponds to gahnospinel (Gah35_37Spl47_50Hc 13_17) in the assemblage gahnospinel-
forsterite-anthophyllite-cummingtonite-apatite-sillimanite-phlogopite ± tremolite ± zircon found in an 
amphibole-spinel calc-silicate rock (Fig. 8c ). Sericite, chlorite, and calcite are present in some rocks 
as retrograde products. In places, gahnite is rimmed by garnet (Fig.8d). Phlogopite, sericite, 
actinolite, and anthophyllite contain up to 0.8, 0.8 , 0.4, and 0.4 wt. % ZnO, respectively. 
DISCUSSION 
During the early l 980's, BHP Limited undertook a proprietary study to evaluate gahnite as a 
potential indicator to Broken Hill-type massive sulfide deposits. This study involved the collection of 
data from known ore districts and resulted in a database with >3,000 gahnite analyses (Walters et al. , 
2002). According to Walters et al. (2002), empirical discriminants using major element (Fe, Mg, Mn, 
Zn, and Al) signatures were developed to distinguish among barren regional gahnite horizons, small 
prospects, and economic deposits. At about the same time, Spry (1984) and Spry & Scott (1986a) 
independently produced a ternary plot of spinel compositions in terms of Zn, Fe, and Mg from 106 
sulfide-free and sulfide-bearing locations, which could be used to distinguish zinc-bearing spinels 
associated with metamorphosed massive sulfide deposits from those found in marbles, pegmatites, 
and aluminous metasediments (Fig. 9). Using the data from Spry & Scott (1986a), Spry (2002) 
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proposed that zincian spinels associated with metamorphosed massive sulfide deposits contain 55-90 
mole% ZnAhO4, 10-40 mole% FeAhO4, and 5-20 mole% MgAhO4. 
Since the study of Spry & Scott ( 1986a), a considerable number of chemical analyses from 
metamorphosed massive sulfide deposits, hydrothermally altered meta-sedimentary and meta-
volcanic rocks (some of which are associated with known massive sulfide occurrences), aluminous 
granulites, aluminous metasediments (metabauxites and metapelites), pegmatites, and iron formation 
have been published in the literature (Figs. 10a, b, c, and d, Table 4). Most zincian spinels in or 
associated with these metamorphosed massive sulfide occurrences and aluminous metasediments 
show compositions within the fields defined by Spry & Scott ( 1986a); however, some spinels fall 
outside of these fields. For example, several spinels from the Mamandur Zn-Pb-Cu deposit in India 
(Chattopadhyay 1999) are depleted in the gahnite component (Gah50_63 Splz0_33Hc 11 _20) compared to 
gahnites associated with metamorphosed massive sulfide deposits elsewhere in the world. 
Furthermore, green spinels that coexist with minor galena and chalcopyrite in metapelites and 
quartzites subjected to granulite facies from Orangefontein, South Africa (Hicks et al. 1985) are 
gahnites highly enriched in the spinel sensu stricto molecule, whereas blue gahnite from the same 
rocks, but associated with a retrograde greenschist facies event, are enriched in the gahnite molecule. 
These examples, demonstrate the dependence of spine} compositions on temperature. Hercynite in 
equilibrium with quartz is stable at granulite facies conditions (Shulters & Bohlen 1989) and is only 
stabilized to amphibolite and greenschist facies conditions by the addition of another component. 
This accounts for the relatively low gahnite component of some spinels from Mamandur and the high 
gahnite content of spinels formed at greenschist conditions at Orangefontein compared to those that 
formed at granulite facies conditions. Other spinels that fall outside of the field defined by Spry & 
Scott (1986a) for massive sulfide deposits include those at Kinniwabi Lake area, Ontario (Morriss et 
al. 1997), Blue Hill Cu-Zn deposit, Maine (Badawy 1978), Palmeiropolis Zn-Cu deposit, Brazil 
(Araujo et al. 1995), and the Isua greenstone belt, Greenland (Appel 2000). By combining data from 
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Spry & Scott (1986a) with those published since their study, spinels in metamorphosed massive 
sulfide deposits hosted by hydrothermally altered aluminous metasediments and/or metavolcanics 
exhibit the following compositional range: Gah,w_90Hc0_40Spl0_30 . We consider this range of zincian 
spinel compositions to be useful as a guide to ores of this type. 
Spry & Scott (1986a) pointed out that spinels from the Betty and Cotopaxi deposits as well as 
from an unnamed prospect near Round Mountain (Colorado) fall outside the field they ascribed to 
metamorphosed massive sulfide deposits and are enriched in the spinel (sensu stricto) molecule. 
These compositions combined with spine} compositions obtained in the present study from Colorado 
metamorphosed massive sulfide deposits exhibit the broadest variation in gahnite, hercynite, and 
spinel sensu stricto contents of any known ore district (Fig. 3). Spinels from the Bon Ton, Sedalia, 
Independence, and Caprock deposits , most from Green Mountain deposit, and some from the Betty, 
Cinderella, and Cotopaxi deposits are within the range given above for spinels in metamorphosed 
massive sulfide deposits hosted by hydrothermally altered aluminous metasediments and/or 
metavolcanics. However, where spinels occur with or without sulfides in unusually Mg-rich or Mg-
Ca-rich pre-metamorphic alteration zones in Colorado, they are enriched in the spinel sensu stricto 
molecule ( e.g., Cotopaxi, Marion). In these deposits , Mg-rich bearing assemblages contain one or 
more of the following minerals: enstatite, anthophyllite, forsterite , phlogopite, clinohumite, or 
clinochlore, whereas Mg-Ca-rich assemblages contain diopside, actinolite/tremolite/homblende, 
anorthite, or apatite (Table 3) . Spinels from the Marion and Amethyst deposits, and an unnamed 
prospect near Amethyst are unusually depleted in the gahnite molecule and contain the highest spinel 
sensu stricto content of any known Zn-bearing sulfide deposit. These spinels occur in rare 
sapphirine-, enstatite-, and forsterite-bearing rocks (Table 3) . 
As a way to evaluate the dependency of spinel composition on bulk rock, in the absence of 
bulk rock analyses, the compositions of silicates coexisting with spinels in Colorado have been 
plotted in a ternary plot in terms of Mg0-Al20 r FeO (Figs. l la and b) from the two fields designated 
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in Figure 3. These two fields were chosen to essentially distinguish spinels with a high spinel sensu 
stricto content (field 1) from those enriched in the gahnite and/or hercynite components (field 2). 
Figure l la shows that gahnospinel, Mg-rich gahnite and spinel sensu stricto molecule (i.e., field 1) 
coexist with silicates with compositions that fall close to the MgO-AhO3 join ( e.g., forsterite, 
clinohumite, enstatite, sapphirine, phlogopite, Mg-rich gedrite, Mg-rich anthophyllite, Mg-rich 
cordierite, dravite, tremolite/actinolite, hornblende, and diopside ), whereas those enriched in the 
gahnite and/or hercynite molecules (i.e., field 2) generally coexist with silicates less enriched in MgO 
and more enriched in FeO and AhO3 (e.g., almandine, staurolite, Fe-rich biotite, Fe-cordierite, Fe-
gedrite, Fe-anthophyllite, Fe-cumrningtonite, Fe- hornblende). The latter spinel compositions occur 
in Fe-Al-rich rocks in the Bon Ton, Betty, Sedalia, Green Mountain, and Independence deposits, as 
well as some from the Cotopaxi and Caprock deposits. 
The compositions observed here suggest that most spinels in and adjacent to metamorphosed 
massive sulfide deposits in Colorado are dictated by the bulk composition of the host rock. Spine ls 
from the Independence, Caprock, Cotopaxi, and Betty deposits exhibit at least two markedly different 
sets of compositions. For example, two groups of spinels from the Independence deposit, one of 
gahnite and the other one of zincian hercynite are associated with anthophyllite-phlogopite-gahnite ± 
chalcopyrite ± pyrrhotite ± sphalerite ± ilmenite± rutile, and cordierite-almandine-quartz-sillimanite-
zinc-bearing staurolite-zincian hercynite ± biotite ±magnetite± ilmenite± pyrite± chalcopyrite 
assemblages, respectively. However, it should be stressed here that spinels from the Independence 
deposit are not found in massive sulfides but in the sulfide-poor magnesium-rich alteration zones 
adjacent to massive sulfides. 
The presence of stable equilibrium assemblages between zincian spinels and sulfides does not 
allow for the unequivocal identification of desulfidation reactions of the type identified by Spry & 
Scott (1986a), Zaleski et al. (1991 ), and Rosenberg et al. (2000) for most of the metamorphosed 
massive sulfide deposits in Colorado. However, the replacement of sillimanite by gahnite from the 
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Bon Ton deposit may be indicative of a desulfidation mechanism (Fig. 4a), although a sulfur-free 
reaction of the type (Spry & Scott 1986a): 
may alternatively have been responsible. Furthermore, the envelopment of gahnite by sphalerite and 
the presence of a fine dusting of sphalerite inclusions in gahnite at Cotopaxi (Fig. 7a) and possibly in 
the unnamed prospect in the Wet Mountains (Fig. 7 d) is permissive of a reaction between sphalerite 
and zincian spinel. Although it is likely that the desulfidation of sphalerite was responsible for the 
formation of gahnite in some locations, it is also likely that other zincian spinel-forming reactions 
occurred in and adjacent to each of the sulfide deposits. Some of these reactions involve zincian 
spinel formation by: 1. The breakdown of Zn-bearing biotite at the Green Mountain deposit (Fig. 6a); 
2. The breakdown of Zn-staurolite at the Independence deposit (Fig. 4e); and 3. Precipitation from a 
metamorphic-hydrothermal solution in pegmatitic veins in the Cotopaxi deposit (Fig. 6e). Textural 
evidence and mass balance considerations indicate that zincian hercynite from Evergreen, that occurs 
in corona and symplectite textures along with cordierite, corundum, staurolite, ilmenite and 
hogbomite, was derived from the breakdown of zincian staurolite (reaction 10) and gedrite plus 
sillimanite (reaction 6). Zincian hercynite formed in hydrothermally altered Al-metasediments 
associated with decompression and uplift of the Evergreen area. Elsewhere, textural relations suggest 
that spinel (sensu strict a) in sulfide-absent rocks from the Marion deposit and the unnamed prospect 
in the Wet Mountains was derived from the breakdown of corundum and sapphirine. 
Studies here show that zincian spinels in the Mg-rich alteration zones of Proterozoic 
metamorphosed massive sulfide deposits in Colorado contain a much higher spinel component sensu 
stricto than shown by Spry (2000) because most spinels did not form by the desulfidation of 
sphalerite. It should also be realized, that most metamorphosed massive sulfide deposits that contain 
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gahnite and sphalerite also contain pyrite and pyrrhotite. This assemblage buffers the sulfur fugacity 
along the pyrite-pyrrhotite boundary, which in turn buffers the sphalerite composition and the gahnite 
to hercynite ratio of the zincian spine 1. This is the main reason why gahnite compositions usually 
have a narrow range in a given ore deposit. However, with few exceptions ( e.g., Green Mountain and 
some samples in Cotopaxi), spinels in metamorphosed massive sulfide deposits in Colorado are not 
found in the sphalerite-pyrrhotite-pyrite-rich ore but with disseminated sulfides where most samples 
contain< 1 volume% sphalerite, pyrrhotite, and pyrite (some up to approximately 5 volume%). In 
the Bon Ton deposit and in some samples from the Green Mountain and Cotopaxi deposits that are 
not enriched in Mg-bearing minerals, small volumes of sphalerite, pyrrhotite, and pyrite (trace to < 
10 volume%) seem to be sufficient to bufferjS2 and to fix the Zn:Fe ratio of the spinel. Such 
compositions overlap those of spinels generally spatially associated with metamorphosed massive 
sulfide deposits elsewhere in the world. However, in other deposits, such as Marion and Amethyst, 
which contain between trace and > 10 volume % sphalerite, pyrrhotite, and pyrite, the high Mg 
content of the host rocks, as indicated by the presence of phlogopite, forsterite, diopside, enstatite, 
anthophyllite, gedrite, cummingtonite, hornblende, cordierite, sapphirine, and clinohumite, will 
dictate that the spinels are Mg-rich. Note that while the gahnite:hercynite ratio may be fixed by the 
presence of sphalerite, pyrite, and pyrrhotite, the (gahnite+hercynite):(gahnite+hercynite+spinel) ratio 
will be small if the spinel-bearing rocks are Mg-rich since the Mg component does not take part in the 
desulfidation reaction. 
Compositional zoning observed in spinels from the Ace High/Jackpot, Independence, Betty, 
and Green Mountain deposits shows weak to moderate enrichment of the gahnite molecule and a 
corresponding depletion in spinel sensu stricto and hercynite molecules from the center to the edge of 
grains. This pattern is the most common compositional zoning pattern observed in zincian spinels 
and is consistent with growth during a period of cooling (Spry 1987b ). 
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CONCLUSIONS 
1- The composition of zincian spinels in rocks is controlled by a variety of physical and 
chemical parameters includingj02,jS2, pressure, temperature, the composition of the host rocks, and 
whether minerals in the host rock, other than spinels and sulfides, are able to incorporate Zn in their 
structures. Although a high spinel sensu stricto content is to be expected in Mg-rich sulfide-bearing 
rocks (e.g. Colorado), the gahnite:hercynite ratio of the spinel will be dictated by the buffering 
capacity of associated sphalerite, pyrite, and/or pyrrhotite. In spinel-bearing rocks with less than a 
few percent Zn-Fe sulfides, the buffering capacity of the rock may not have been reached. In this 
situation, spinel composition will be dictated by bulk-rock composition. 
2- The composition of zincian spinels can be used as an exploration guide to metamorphosed 
massive sulfide deposits as previously proposed by Spry & Scott (1986a) but the range of preferred 
compositions has been modified to incorporate new data published in the literature since 1986 (Fig. 
10, 12), data from granulites that were not included by Spry & Scott (1986a) (Fig. 10b), and new data 
obtained here from Proterozoic metamorphosed massive sulfide deposits in Colorado (Fig. 3). Nearly 
all zincian spinels in and adjacent to metamorphosed massive sulfide deposits are hosted in Fe-Al-
rich hydrothermally altered aluminous metasediments and/or metavolcanics and have the following 
compositional range: gahnite40_90hercynite0-40spinel0_30 . However, zincian spinels in unusually Mg-
rich (and Ca-rich) alteration zones spatially associated with metamorphosed massive sulfide deposits, 
as observed for example in Colorado, are more enriched in the spinel sensu stricto molecule and show 
a markedly different compositional range: gahnite0_65hercynite0-40spine}i0_90 . The choice of spinel 
compositions to be used as an exploration guide will be dictated by a preliminary assessment of the 
host rocks and alteration types observed in a given terrane. Spinels used for analysis may be 
collected from host rocks, soils, or stream gravels. 
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Figure 1. General map of western Colorado showing the extent of Proterozoic rocks ( dashed pattern; 
after Sheridan & Raymond, 1984), terrane boundaries (after Shaw & Karlstrom 1999), and location of 
zincian spinel localities: 1. Bon Ton deposit. 2. Cinderella deposit. 3. Sedalia deposit. 4. Ace 
High/Jackpot deposit. 5. Independence deposit. 6. Betty deposit. 7. Green Mountain deposit. 8. 
Cotopaxi deposit. 9. Marion deposit. 10. Amethyst deposit. 11. Unnamed prospect. 12. Evergreen 
hydrothermal alteration zone. 13. Caprock deposit. MF: Mazatzal Deformation Front (Shaw & 
Karlstrom 1999). 
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Figure 2. General Proterozoic geology and location of massive sulfide deposits in the Salida area, 
Colorado (modified from Sheridan & Raymond 1984). 
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Figure 3. Zn-Mg-Fe ternary plot of spinel compositions from Colorado spatially associated with 
metamorphosed massive sulfide deposits and/or hydrothermal alteration zones. Fields 1 and 2 are 




Figure. 4. Plane polarized transmitted light photomicrographs and field photographs from Colorado 
metamorphosed massive sulfide deposits. a. Gahnite (gab) after sillimanite (sil) in contact with quartz 
(qtz) (Bon Ton). b. "Pod rock" composed of sillimanite, quartz, muscovite, feldspar, and gahnite 
adjacent to Cinderella deposit. c. Banded calc-silicate rock (Independence). d. Gahnite inclusions 
within a hornblende (hbl)-cummingtonite ( cum) intergrowth in contact with phlogopite (phi) and 
ilmenite (ilm) (Independence). e. Coexisting quartz, gahnite, zincian staurolite (st), and sillimanite 
(Independence). f. Chalcopyrite (ccp) inclusions in gahnite partially surrounded by sphalerite (sp) and 
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Figure. 6. Plane polarized transmitted light photomicrographs and field photographs of spinel-
bearing rocks: a. Gahnite (gah) after biotite (bt) (Green Mountain). b. Gahnite in contact with biotite 
next to almandine (alm) and quartz (qtz) (Green Mountain). c. Gahnite-cummingtonite (cum)-
pigeonite (pgt)- Zn ilmenite (ilm) rock (Green Mountain). d. Anthophyllite (ath)-gahnite rock 
(Cotopaxi). e. Pegmatoidal vein containing gahnite and biotite (Cotopaxi). f. Zincian spinel (spl) 
rimmed by phlogopite (phl) adjacent to chlorite (chl) (Cotopaxi). 
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Figure 7. Plane polarized transmitted light photomicrographs of: a. Inclusion-free and -rich gahnite 
(gah) partially surrounded by sphalerite (sp) and in contact with phlogopite (phi) (Cotopaxi). b. 
Corundum (cm) with sapphirine (spr) and cordierite (crd) inclusions mantled by spine! (spl) and 
surrounded by cordierite and phlogopite (Marion). c. Spinel-sapphirine-anorthite (an) assemblage 
(Amethyst). Note the spine! inclusion in sapphirine. d. Sillimanite (sil) inclusions in spinel next to 
gedrite (ged) and enstatite (ens) and spinel-gedrite symplectites (symp) in contact with cordierite and 
phlogopite (Unnamed). 
63 
0 33 ,;.. v ~-}-S CJ) . ,:-:.. - . v ··"' . mm --- ~, ,.:~~ _:.a- 0 < - - · --- _,2' . l b 
\. '): ~ J ..; · .. \ 
,__D'~~:. . 
crd 
~')) ~ ' 
.Sil : 1 
•• • • - ). 
:~\t~ ~,-' ·.?!1 .. ·< 
':' • '"ii., 
',, .;;-, 
Figure 8. Plane polarized transmitted light photomicrographs of: a. Sapphirine (spr) surrounding 
spinel (spl) next to anthophyllite (ath) and phlogopite (phl) (Unnamed). b. Spinel-gedrite (ged) 
symplectites (symp) adjacent to sillimanite (sil) and cordierite (crd) (Unnamed). c. Zn spinel (Zn spl)-
anthophyllite-forsterite (fo)-tremolite (tr) assemblage in contact with retrograde chlorite (chl) 
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Figure 9. Spinel compositional fields for marbles, aluminous metasediments, pegmatites, and 
metamorphosed massive sulfide (MMS) deposits (after Spry 1984, Spry & Scott 1986a). 
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Figure 11. AbO3-MgO-FeO ternary diagram showing the chemical variations of silicates associated 
with spinels in metamorphosed massive sulfide deposits and/or hydrothermal alteration zones from 
Colorado: a. Mg-Al-Ca-rich rocks (field 1 ). b. Fe-Al-rich rocks (field 2) in Fig. 3. 
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Figure 12. Zn-Mg-Fe ternary plot of spinel from worldwide localities. 1. Marbles. 2. Metamorphosed 
massive sulfide deposits and S-poor rocks in Mg-Ca-Al alteration zones. 3. Metamorphosed massive 
sulfide deposits in Al-metasediments and metavolcanics. 4. Pegmatites. 5. Unaltered and 
hydrothermally altered Fe-Al-rich metasediments and metavolcanics. 6. Al-rich granulites. Data used 
in this plot are from Spry & Scott (1986a) and Fig. 3 and 10. 
Table 1. Representative electron microprobe analyses of zincian spinel from Colorado. Cations based on 4 atoms of oxygen. 
Gah 1 Zn Spl 2 Gah Gah Zn He 3 Gah Zn He Gah He Gah 
Site Bon Ton Cinderella Sedalia Ace High Independence Betty 
Wt.% 99CO22 99CO8 US77B 99CO39 99CO38 AH123 AH134 AH136 AHC90 99CO94 
SiO2 0.31 0.14 0.08 0.19 0.00 0.13 0.35 0.18 0.06 0.31 
TiO2 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.00 
AJiO3 55.65 60.12 57.41 54.65 56.38 58.62 56.67 55.31 61.31 58.47 
Cr2O3 0.00 < 0.01 0.06 0.00 0.00 0.00 0.03 
FeO 13.58 5.74 7.08 9.46 21.28 6.09 21.09 6.58 27.03 9.79 
MnO 0.00 0.28 0.78 0.00 0.08 0.11 0.14 0.18 0.11 0.12 
ZnO 29.53 19.70 31.68 31 .31 18.27 28.68 18.88 35.60 4.29 28.63 
MgO 1.29 13 .22 3.06 1.94 3.72 7.30 2.65 2.92 7.66 1.99 
CaO 0.00 0.01 -- 0.03 0.00 0.00 0.02 0.00 0.00 0.00 
Na2O 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0.41 
K2O 0.04 0.01 0.01 0.01 0.00 0.02 0.02 0.01 0.05 
F 0.00 0.07 0.56 0.00 0.00 0.00 0.00 0.07 0.05 
Cl 0.00 0.04 0.08 0.02 0.03 0.04 0.05 0.08 0.07 
Total 100.42 99.32 100.09 98.42 99.76 100.94 99.87 100.87 100.65 99.89 
Si 0.009 0.004 0.003 0.006 0.000 0.004 0.010 0.005 0.002 0.009 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.956 1.943 1.988 1.964 1.946 1.958 1.956 1.939 1.982 2.015 
Cr 0.000 -- 0.000 0.001 0.000 0.000 0.000 0.001 
Fe 0.339 0.132 0.174 0.241 0.521 0.144 0.517 0.164 0.620 0.239 
Mn 0.000 0.007 · 0.019 0.000 0.002 0.003 0.004 0.005 0.002 0.003 
Zn 0.650 0.399 0.687 0.705 0.395 0.600 0.408 0.782 0.087 0.618 
Mg 0.057 0.540 0.134 0.088 0.162 0.308 0.116 0.130 0.313 0.087 
Ca 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 
Na 0.000 0.000 -- 0.008 0.000 0.000 0.000 0.000 0.000 0.023 
K 0.002 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.002 
F + Cl 0.000 0.007 0.058 0.001 0.001 0.002 0.003 0.010 0.008 
Total 3.013 3.032 3.004 3.072 3.027 3.018 3.015 3.030 3.016 3.004 
1 gahnite; 2 zinc-bearing spinel; 3 zinc-bearing hercynite ..._J 
Table I ( continued). Representative electron microprobe analyses of zincian spinel from Colorado. Cations based on 4 atoms of 
oxygen. 
He Gah Zn Spl Gah Spl Spl Spl Zn Spl Gah 
Site Green Mountain Cotopaxi Marion Amethyst Unnamed Cap Rock 
Wt.% AHll AH18A 99CO66 99CO72 AH87 AH65 AH80 AH158 AH163 
SiO2 0.22 0.29 0.03 0.00 0.23 0.25 0.28 0.12 0.04 
TiO2 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
A}zO3 59.22 56.24 60.80 56.89 59.96 63.12 63.45 62.54 54.32 
Cr2O3 0.00 0.00 0.08 0.01 0.00 0.00 0.00 0.00 0.11 
FeO 30.56 11.62 5.27 6.22 21.40 19.77 18.63 7.09 6.07 
MnO 0.06 0.10 0.45 0.50 0.53 0.10 0.02 0.91 0.11 
ZnO 0.08 29.89 19.59 34.81 0.62 0.64 4.51 17.07 35.22 
MgO 8.88 2.44 13.09 2.28 17.31 15.19 13.83 11.86 3.37 
CaO 0.00 0.06 0.00 0.06 0.01 0.04 0.02 0.00 0.00 
Na2O 0.02 0.00 0.02 0.00 0.04 0.00 0.00 0.00 0.29 
K2O 0.02 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 
F 0.00 0.03 0.22 0.00 0.06 0.17 0.00 0.25 0.51 
Cl 0.02 0.02 0.04 0.00 0.03 0.05 0.04 0.04 0.02 
Total 99.09 100.68 99.60 100.77 100.20 99.32 100.79 99.88 100.08 
Si 0.006 0.009 0.001 0.000 0.006 0.007 0.007 0.003 0.001 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.938 1.956 1.957 1.981 1.870 1.960 1.964 1.995 1.929 
Cr 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.003 
Fe 0.710 0.287 0.120 0.154 0.474 0.435 0.409 0.16 0.153 
Mn 0.001 0.002 0.010 0.012 0.012 0.002 0.000 0.021 0.003 
Zn 0.002 0.651 0.395 0.760 0.012 0.012 0.088 0.341 0.784 
Mg 0.367 0.107 0.533 0.101 0.683 0.596 0.542 0.478 0.151 
Ca 0.000 0.002 0.000 0.002 0.000 0.001 0.000 0.000 0.000 
Na 0.001 0.000 0.001 0.000 0.002 0.000 0.000 0.000 0.017 
K 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
F + Cl 0.001 0.004 0.021 0.000 0.060 0.160 0.020 0.023 0.049 




Table 2. Representative microprobe analyses of silicates and oxides associated with zincian 
spinel from Colorado. 
Mineral Chl Bt Phl Chl St Mn-Znllm Bt 
Site Bon Ton Ace High Independence Gm.Mtn. 1 
Wt.% 99CO26 99CO22 AH 113 AH112 AH134 AH137 AH34 
SiO2 22.93 35.20 39.35 28.10 26.73 0.11 35.90 
TiO2 0.02 0.71 0.69 0.08 0.24 50.72 1.99 
AhO3 25.19 19.85 17.47 23.55 55.30 0.12 17.74 
Cr2O3 0.00 0.00 0.00 0.00 0.06 0.07 
FeO 30.28 20.88 6.32 5.73 11.97 38.62 16.88 
MnO 0.75 0.26 0.06 0.05 0.30 5.36 0.04 
ZnO 0.44 0.38 0.50 0.89 2.52 4.84 0.35 
MgO 9.03 8.73 22.43 28.70 1.58 0.15 12.63 
CaO 0.09 0.08 0.03 0.03 0.02 0.01 0.03 
Na2O 0.01 0.26 0.73 0.00 0.00 0.00 0.48 
K2O 0.01 8.76 7.87 0.03 0.00 0.02 9.52 
F 0.00 0.53 0.76 0.00 0.34 0.00 0.47 
Cl 0.13 0.05 0.08 0.01 0.02 0.06 0.11 
Total 88.87 95.67 96.29 87.17 99.02 100.06 96.21 
Oxygen 
basis 14 22 22 14 48 3 22 
Si 2.464 5.398 5.566 2.688 7.724 0.003 5.407 
Ti 0.002 0.082 0.073 0.007 0.052 0.974 0.225 
Al 3.190 3.588 2.912 2.657 18.835 0.004 3.150 
Cr 0.000 0.000 0.000 0.000 0.001 0.009 
Fe 2.721 2.678 0.748 0.459 2.893 0.825 2.127 
Mn 0.068 0.033 0.008 0.004 0.074 0.116 0.005 
Zn 0.035 0.043 0.052 0.063 0.537 0.091 0.039 
Mg 1.447 1.996 4.730 4.095 0.681 0.006 2.837 
Ca 0.010 0.013 0.004 0.004 0.007 0.000 0.005 
Na 0.003 0.076 0.201 0.000 0.003 0.000 0.141 
K 0.002 1.713 1.421 0.004 0.002 0.001 1.829 
F + Cl 0.023 0.268 0.361 0.000 0.321 0.003 0.252 
Total 9.965 15.888 16.076 9.979 31.129 2.024 16.026 
1 _ Green Mountain. 
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Table 2 ( continued). Representative microprobe analyses of silicates and oxides associated 
with zincian spinel from Colorado. 
Mineral Chu Spr En Chu Alm-sps Ath Fo 
Site Marion Amethyst Unnamed Cap Rock 
Wt.% AHl0l AH65 AH78 AH75 AH151 AH158 AH158 
SiO2 39.34 13.67 51.80 34.34 38.36 57.41 39.43 
TiO2 1.45 0.04 0.12 1.79 0.03 0.03 0.00 
A}zO3 0.01 62.08 5.51 0.10 21.18 0.75 0.00 
Cr2O3 0.00 0.00 0.04 0.01 0.00 0.00 0.00 
FeO 4.23 6.31 9.66 6.03 20.21 6.82 13.71 
MnO 0.30 0.06 0.19 0.14 12.94 4.58 4.04 
ZnO 0.02 0.00 0.00 0.17 0.00 0.19 0.19 
MgO 54.56 17.46 31.48 53.13 5.47 25.90 43.23 
CaO 0.14 0.04 0.08 0.00 2.12 1.09 0.00 
Na2O 0.00 0.03 0.05 0.00 0.00 0.10 0.00 
K2O 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
F 2.73 0.61 0.26 6.24 0.00 0.68 0.00 
Cl 0.05 0.03 0.03 0.06 0.05 0.04 0.05 
Total 102.83 100.35 99.21 102.02 100.36 97.59 100.65 
Oxygen 
basis 14 20 6 14 24 23 4 
Si 3.314 1.622 1.841 3.080 6.037 7.965 0.996 
Ti 0.092 0.003 0.003 0.121 0.004 0.003 0.000 
Al 0.001 8.680 0.231 0.011 3.928 0.122 0.000 
Cr 0.000 0.000 0.001 0.001 0.000 0.000 0.000 
Fe 0.298 0.626 0.287 0.452 2.660 0.791 0.29 
Mn 0.021 0.006 0.006 0.011 1.725 0.5 38 0.087 
Zn 0.001 0.000 0.000 0.011 0.000 0.020 0.004 
Mg 6.853 3.088 1.667 7.105 1.284 5.357 1.628 
Ca 0.013 0.005 0.003 0.000 0.357 0.162 0.000 
Na 0.000 0.007 0.003 0.000 0.000 0.027 0.000 
K 0.000 0.003 0.000 0.000 0.001 0.000 0.000 
F+ Cl 0.735 0.235 0.031 1.781 0.013 0.307 0.002 
Total 11.328 14.275 4.073 12.573 16.009 15.292 3.007 
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99CO-22 Alm-bt-qtz-sil-pl (andesine)-gah1 ±py±ccp±sp 
99CO-2 Tr/act-chl-Zn spl-phl-sp 
99CO-3 Zn spl-chl-ath-sil-py 
US77B Phl-grt-gah-bt 
99CO-38 Ged-Zn hc-chl-mag-ilm-py-sp-gn-cv 
99CO-39 Cum-gah-ilm-ccp-sp-cv 






99CO-86 Cum-Mg gah-sp±py±ccp±po±gn±cv 
99CO-87 Ged/ath-alm-Zn hc-phl-st±crd±cm±ccp±po±cv±py±ilm 
99CO-94 Qtz-crd-sil-gah-pl±phl 
AHCO-11 Ged-phl-hc/spl-mag-hem-ilm±ccp±po 





99CO-70 Act-phl-fo-Zn spl-srp-chu±mag±ilm±cal±ccp±sp±gn±cv 
AHCO-9 lA Act-pl-phl-qtz-Zn spl-sp±py±ccp±po±gn 
AHCO-87 Spl-phl-crd-an-spr-cm-aln±rt 
AHCO-88 Phl-spl-cum-hbl-an-sil±aln±rt±ap±cal±mag±py±ccp±po±gn 




AHCO-153 Phl-alm-gah-pl ( andesine) 
AHCO-160 Alm-gah-phl-pl ( andesine) 
AHCO-158 Fo-Zn spl-ath-cum-act-chl-sil±mag±cal 
Table 4. Spinel from worldwide localities shown in Fig. 11 and their characteristics. 
Location Lithology Metamorphism Fig. 11 Field in Reference 
Fig. 12 a 
Amessmessa, Haggar, Algeria Metasediments Granulite b 6 Ouzegane et al. ( 1996) 
Araku, India Spinel granulite Granulite b 6 Sengupta et al. ( 1991) 
Arunta Inlier, Australia Sapphirine paragneiss Amphibolite to b 6 Scrimgeour & Raith (2002) 
greenschist 
Bambie Sector, Norway Gneisses, quartzites, and Granulite, amphibolite b 6 Visser et al. (1992) 
metabasites 
Betic Cordillera, Spain Metabasites Amphibolite a 5 Soto & Azafi6n (1993) 
Black Mountain, Aggeneys, Al-metasediments 1 Upper amphibolite a 5 Spry & Petersen ( 1989) 
South Africa 
Bleikvassli, Norway VMS 2 Amphibolite 3 C 3 Rosenberg et al. (2000) 
Broken Hill, Aggeneys, MMS 4 Granulite C 3 Hicks et al. (1985), Spry 
South Africa (1987b) 
Broken Hill, Aggeneys, Al-metasediments 5' 1 Upper amphibolite a 5 Spry & Petersen (1989) 
South Africa 
Champion mine, Broken Hill, MMS Granulite C 3 Jain (1999) 
Australia 
Eastern Ghats Belt, India Leptynite 6 Granulite b 6 Dasgupta et al. ( 1999) 
Gasbom, Sweden Metavolcanics 5 Amphibolite a 5 Damman (1989) 
Geco, Ontario Canada VMS Amphibolite C 3 Morris et al. ( 1997) 
Isua Greenstone belt, Greenland MMS (metatonalites) Amphibolite C 3 Appel (2000) 
Kakkonda geothermal system, Metapelites-psamites Contact homfels a 5 Sawaki et al. (2001) 
Japan 
Kanmantoo Group, Australia MMS (sedex) 7 Amphibolite C 3 Toteff (1999), Spry et al. 
(1988) 
Kraaifontein, Namaqualand, Metapelites (enclave) Granulite-amphibolite 8 a 5 Moore & Reid ( 1989) 
South Africa 
Kyushu, Japan Sapphirine metapelites UHT granulite 9' 10 b 6 Osanai et al. ( 1998) -....J 0\ 
Lace Kimberlite, South Africa Xenolith in kimberlite Granulite b 6 Dawson et al. ( 1997) 
Table 4 ( continued). Spinel from worldwide localities shown in Fig. 11 and their characteristics. 
Location Lithology Metamorphism Fig. 11 Field in Reference 
Fig. 12 a 
Larsenan Hills, East Antarctica Semipelite Granulite b 6 Carson et al. ( 1997) 
Linda, Manitoba, Canada VMS (felsic volcanics) Amphibolite C 3 Zaleski et al. ( 1991) 
Malene, West Greenland Iron formations Amphibolite d 5 Appel ( 1986) 
Mamandur, southern India MMS Granulite C 3 Chattopadhyay ( 1999) 
Manitouwadge, Ontario, Canada MMS (Al basalts) 5 650C 6kb 13 C 3 Petersen et al. ( 1989) 
amphibolite- granulite 
Marble Hall Fragment, Metapelites Granulite b 6 Pitra & De Waal (2001) 
Bushveld, South Africa 
Menderes Massif, Turkey Metabauxites Low grade d 5 Yalyin et al. ( 1993) 
Naxos, Greece Metabauxites 360 °C, 5-6 kb d 5 Yalyin et al. ( 1993) 
New Hampshire, USA Metabasalts 5 Amphibolite 13 a 5 Schumacher & 
Robinson (1987) 
North Cook Lake, Manitoba, VMS Amphibolite 14 C 3 Froese et al. ( 1989) 
Canada 
Ontario, Canada Pegmatite ---- d 4 Morris et al. ( 1999) 
Orangefontein, Namaqualand, Metapelites Granulite a 2 Hicks et al. ( 1985), Moore 
South Africa & Reid ( 1989) 
Orangefontein, Namaqualand, Metapelites Greenschist 8 a 5 Hicks et al. (1985) 
South Africa 
Orijarvi , Finland Metamorphosed mafic Amphibolite a 5 Schneiderman & Tracy 
volcanics 5 (1991) 
Palmeiropolis, Brazil VMS (metavolcanics) Amphibolite C 3 Araujo et al. (1995) 
Palni Hill Ranges, India Sapphirine metapelites UHT granulite b 6 Raith et al. (1997) 
Pinnacles, Broken Hill, Australia Metapelites 1 Granulite 3 C 3 Parr (1992) 
Rampura Agucha, India MMS Amphibolite C 3 Holler & Gandhi (1997) 
Rumdoodle Peak, Antarctica Al-metasediments Granulite b 6 Dunkley et al. ( 1999) 
(enclave) 15 --..) --..) 
Table 4 (continued). Spinel from worldwide localities shown in Fig. 11 and their characteristics. 
Table 4 (continued)_.__Sptn~l from worldwide localities shown in Fig. 11 and their characteristics. 
Location Lithology Metamorphism Fig. 11 Field in Reference 
Fig. 12 a 
Samos, Greece Metamorphosed Blueschist-greenschist d 5 Henry & Dutrow (2001) 
karstbauxite 
Samos, Greece Metabauxites Blueschist- d 5 Yalc;in et al. (1993) 
greenschist 
Sri Lanka Sapphirine granulites Granulite b 6 Kriegsman & Schumacher 
(1999) 
a Key to Fig. 12: 1. Marbles; 2. MMS and S-poor rocks in Mg-Ca-Al alteration zones; 3. MMS; 4. Pegmatites; 5. Unaltered and 
hydrothermally altered Fe-Al-rich metasediments and metavolcanics; 6. Al-rich granulites. 
1 wall rock ofMMS deposit 
2 VMS: volcanogenic massive sulfide deposit 
3 ky-st zone 
4 MMS: metamorphosed massive sulfide deposit 
5 hydrothermally altered 
6 quartz-feldspar gneiss 
7 sedex: sedimentary exhalative 
8 retrograde metamorphism 
9 UHT: ultra high temperature metamorphism 
10 h. contact metamorp Ism 
11 1 · . pe 1te to psamite 
12 migmatites 
13 sil-st zone 
14 k ·1 ·1 y-s1 , SI -st zones 




CHAPTER 3. CORONAS, SYMPLECTIC TEXTURES, AND REACTIONS INVOLVING 
ALUMINOUS MINERALS IN GEDRITE-CORDIERITE GNEISSES FROM EVERGREEN, 
FRONT RANGE, COLORADO 
Adriana Heimann, Paul G. Spry, Graham S. Teale, and Carl E. Jacobson 
Paper to be submitted to the journal "Journal of Metamorphic Geology" or "Canadian Mineralogist" 
ABSTRACT 
Gedrite---cordierite gneisses metamorphosed to the upper amphibolite facies are interlayered 
with hydrothermally altered sillimanite-biotite-gamet gneisses near Evergreen, Colorado, and contain 
spectacular corona, symplectic, and pseudomorph textures. Corona textures are characterized by 
aluminous "enclaves" composed ofzinc-bearing hercynite (he), staurolite (st), corundum (cm), 
cordierite (crd), and relict sillimanite (sil), associated with ilmenite (ilm) and later formed hogbomite 
(hog), which are separated from gedrite (ged), cordierite, garnet (grt), and quartz (qtz) by a corona of 
cordierite. The aluminous minerals ("enclave" association) are nowhere in contact with gedrite and 
garnet ("matrix" association). Hercynite---cordierite symplectites were developed in contact with 
sillimanite between gedrite and sillimanite in the inner part of the cordierite shell. Staurolite-
corundum-cordierite and hercynite-cordierite-corundum pseudomorphs mimic the shape of prismatic 
sillimanite crystals. Minor amounts (<l %) ofretrograde phlogopite, chlorite, and sericite partially 
replace gedrite, garnet, and cordierite. 
----- - --- - -- Textural studies and phase relationships in the system FeO-MgO-AbO3-SiO2-H2O ± ZnO ± 
TiO2 suggest the following set of diffusion-controlled reactions were derived from the assemblage 
gedrite + sillimanite ±quartz± hercynite: ged + sil + qtz = crd + grt; ged + sil = qtz + crd; ged + sil = 
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he + crd; ged + sil + he = st + crd; ged + sil = st + crd; sil + he = cm + st; st = crd + he + cm; and he + 
ilm +cm= hog. Minimum peak metamorphic conditions were 590 °C and 5 kbars based on the 
stability fields of cordierite + garnet, cordierite + staurolite, and the gedrite-anthophyllite solvus. 
Corona and symplectic textures were formed during decompression along a counter clockwise P-T 
trajectory. Hogbomite originated along a retrograde cooling path after the origin of the aluminous 
"enclaves". 
Key words: gedrite-cordierite gneisses, coronas, symplectites, Colorado 
INTRODUCTION 
Gedrite-cordierite or anthophyllite-cordierite rocks are spatially associated with 
metamorphosed massive sulfide deposits at, for example, Manitouwadge, Ontario (James et al., 
1978), Orijarvi, Finland (Schneiderman and Tracy, 1991), and Palmeiropolis, Brazil (Araujo et al., 
1995) and may constitute exploration guides to ores of this type. This spatial relationship, coupled 
with the presence of nodular sillimanite rocks in and around several metamorphosed Proterozoic 
massive sulfide ( e.g., Willner et al., 1990) and Archean gold deposits (Powell et al., 1999), and the 
occurrence of unusual rutile- and topaz-bearing sillimanite rocks in the Proterozoic Cumamona 
Province, which hosts the giant Broken Hill Pb-Zn-Ag deposit, prompted a study of gedrite-cordierite 
rocks in the Evergreen area, Colorado (Gable and Sims, 1969) spatially associated with nodular 
sillimanite rocks and rutile- and topaz-bearing gneisses (Marsh and Sheridan, 1972). 
Petersen et al. (1989) proposed that gedrite-cordierite rocks, nodular sillimanite rocks, and 
rutile- and topaz-bearing gneisses may be products of premetamorphic hydrothermal alteration. In a 
study of cordierite-bearing rocks in the Front Range of Colorado, Gable and Sims ( 1969) proposed 
that on the basis of bulk rock compositions and the inter layered nature of cordierite-bearing rocks 
with metasedimentary rocks, precursors to cordierite-gamet and cordierite-bearing sillimanite-biotite 
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gneisses were likely to be pelitic sediments. However, they had no adequate explanation to account 
for the origin of isolated occurrences of cordierite-gedrite rocks in the Front Range, including 
horizons of these rocks approximately 9 km east of Evergreen (near Morrison) and at Central City. 
According to Gable and Sims (1969), the compositions of cordierite-gedrite rocks do not match 
known sedimentary and volcanic rocks but they preferred a sedimentary origin due, in part, to 
interlayering of these rocks with metasedimentary rocks. They also did not rule out the possibility 
that the precursors may have been the products of an "uncommon weathering process" (Gable and 
Sims 1969, p. 59). Factors that must be included in any model concerning the origin of gedrite-
cordierite rocks at Evergreen are: 1. The gedrite-cordierite rocks occur as two elongate horizons 
approximately 300 m long within a sillimanite-biotite gneiss unit (approximately 20 km long and up 
to 300 m wide), adjacent to an unusual rutile and topaz-bearing sillimanite gneiss (Marsh and 
Sheridan, 1972); 2. Trace amounts of sphalerite, galena, pyrite, and chalcopyrite occur in the gedrite-
cordierite gneiss; 3. Elevated Zn contents in hercynite (up to 19.5 wt.% ZnO), hogbomite (up to 8.9 
wt. % ZnO), and staurolite (up to 0.9 wt. % ZnO); and 4. A coarse sillimanite "pod rock" that 
contains minor amounts of chalcopyrite occurs adjacent to outcrops of cordierite-gedrite gneiss. The 
sillimanite-biotite gneiss unit enclosing the cordierite-gedrite rock undoubtedly has a sedimentary 
origin, although an input of detritus of volcanic origin cannot be ruled out. While this does not 
preclude an altered volcanic rock as a precursor, the elongate dimensions of the cordierite-gedrite 
rock and the intimate spatial association with a metasedimentary rock makes a sedimentary or 
volcaniclastic origin more likely. 
Several origins have been proposed for the origin of cordierite-gedrite and cordierite-
anthophyllite rocks, in general ; however, the three most accepted hypotheses (as summarized in 
Spear, 1993) are: 1. Metasomatism associated with metamorphism; 2. A product of partial melting; 
and 3. Premetamorphic alteration associated with deuteric magmatic or hydrothermal seawater fluids 
and concomitant weathering. Although bulk compositions of the gedrite-cordierite rocks at 
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Evergreen were not obtained here, cordierite-gedrite rocks at Evergreen most likely formed by 
hydrothermal alteration by seawater of clay-rich sediments (with possible volcanic input) that were 
subsequently subjected to amphibolite facies metamorphism. The presence of minor chalcopyrite, 
sphalerite, and galena in the gedrite-cordierite rocks and chalcopyrite in adjacent sillimanite-biotite 
gneisses, as well as the intimate spatial association with sillimanite pod rocks, supports the concept 
that precursors to gedrite-cordierite rocks were altered by fluids associated with sulfide formation on 
the seafloor. Although the origin of the mtile-rich gneisses parallel to and immediately south of the 
cordierite-gedrite rocks at Evergreen remains unclear, these rocks contain topaz and fluorite, which 
almost certainly were the products of hydrothermal alteration. If the hypothesis of formation by 
seawater hydrothermal alteration is correct, this raises the possibility that cordierite-gedrite rocks in 
the Front Range may be fossil hydrothermal systems. This potential exploration guide may be 
particularly useful in the search of metamorphosed massive sulfides in the Morrison and Central City 
area where cordierite-gedrite rocks were first identified by Gable and Sims (1969). Zones of 
hydrothermal alteration and attendant metamorphosed massive sulfides occur throughout the 
Proterozoic terrane of central-northern Colorado including immediately north of Evergreen at the 
Cresswell mine (Sheridan and Raymond, 1984). 
The aims of the current study are to evaluate the origin of corona, symplectic, and 
pseudomorph textures in gedrite-cordierite gneisses in the Evergreen area based on detailed 
petrographic observations, mineral chemistry, and phase relationships in the system FMASZ (Fe0-
Mg0-A}z03-Si02±Zn0). Similar textures elsewhere have proven to be important in deciphering 
pressure-temperature trajectories in rocks metamorphosed to the amphibolite or granulite facies ( e.g., 
Robinson and Jaffe, 1969; Stoddard, 1979; Hudson and Harte, 1985; Baker et al., 1987; Schumacher 
and Robinson, 1987; Earley and Stout, 1991; Spear, 1993; Ouzegane et al., 1996). Metamorphic 
conditions are evaluated on the basis of silicate stabilities, various exchange geothermometers 
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(garnet-cordierite, spinel-cordierite, and spinel-sillimanite-cordierite-quartz), and the orthoamphibole 
solvus. 
The current investigation is part of a larger study that concerns the spatial and genetic 
relationships of zincian spinel-bearing rocks to metamorphosed massive sulfides in Colorado. In 
detail, the present study focuses on outcrops of gedrite-cordierite-garnet gneiss near the rutile-and 
topaz-bearing gneiss reported by Marsh and Sheridan (1972). 
REGIONAL AND LOCAL GEOLOGICAL SETTING 
Gedrite-cordierite rocks in the study area occur as two lensoid bodies, up to 40 m wide, 
which extend intermittently for over 300 min a sequence of Proterozoic sillimanite-biotite gneisses 
containing coarse garnet- and cordierite-bearing layers, as well as feldspathic , hornblende, rutile-
bearing, and calc-silicate gneisses and amphibolites in the east-central part of the Front Range, 
approximately 8 km northwest of Evergreen, Colorado (Figs. 1 and 2). These gedrite-cordierite rocks 
constitute just one of many occurrences of cordierite-bearing gneiss in the Front Range (Gable and 
Sims, 1969). They have been metamorphosed to the upper amphibolite facies and subjected to at 
least three Proterozoic fold events (Gable and Sims, 1969; Marsh and Sheridan, 1972). The first 
period of deformation produced broad open folds and was responsible for the west to northwest trend 
of the rocks while the second episode of folding generated structures oriented north-northwest to 
north-northeast. High-grade metamorphism contemporaneous with these two fold episodes was dated 
at 1,700 to 1,775 Ma by Hedge et al. (1967) using Rb-Sr and U-Pb dating techniques. The Boulder 
Creek Granite pluton, which occurs to the south of the study area, was emplaced at 1, 710±40 Ma 
(Hedge, 1969) and was followed by intrusion of the Silver Plume Granite at approximately 1,450 Ma 
(Hedge et al. , 1967, 1989; Hedge, 1969; Sherman and Sheridan, 1976), which crops out at about 5 km 
southeast of the study area. The last Proterozoic plutonic event occurred when the Pikes Peak Granite 
84 
batholith was emplaced at about 1,040±10 Ma (Hedge, 1969). Brittle deformation, which controlled 
the location of the Colorado Mineral Belt (Tweto and Sims, 1963), produced northeast oriented shear 
zones. This period of deformation was followed by northwest and north-northeast trending faulting 
and the so-called "breccia reefs" of Lovering and Goddard (1950), which were precursor structures to 
the Laramide orogeny (75-45 Ma). 
The Evergreen area is located in the 1.7-1.8 Ga Yavapai province, which is composed of 
juvenile volcanic-arc crust, and near its southern contact with the crustal 1.7-1.6 Ga Mazatzal 
province (e.g., Condie, 1982; Benett and DePaolo, 1987; Karlstrom, 1998; Karlstrom and 
Humphreys, 1998). The exact location of the boundary between these two provinces, which consists 
of a ~300 km-wide zone oriented northeast, is still the subject of debate. In recent tectonic studies 
based on metamorphic evidence from xenoliths in the Navajo Volcanic Field and on structural, 
geochronological, plutonic, and tectonic considerations, Shaw and Karlstrom (1999) and Selverstone 
et al. (1999) proposed a model for the tectonic evolution of the Yavapai-Mazatzal boundary, which 
involved the following sequence of events: (1) At ca. 1.75-1.72 Ga, arc terranes belonging to the 
Yavapai and Mazatzal provinces converged by northwest-dipping sub_duction of young, hot, oceanic 
crust. The southeastern part of the Yavapai province underwent heating and burial. (2) At ca. 1. 70 
Ga, collision between the two portions of crust produced shear zones and development of a low-angle 
thrust system with older Yavapai province overthrusting on Mazatzal province arc crust. Mazatzal 
crust was thickened due to heating whereas Yavapai crust was hydrated due to devolatilization of the 
overriden Mazatzal crust. Continuing convergence resulted in shortening and steepening of fold and 
suture structures to produce a steep foliation in the Mazatzal terrane and the southern part of the 
Yavapai province. (3) The final event produced magmatism (at approximately 1.4 Ga and 1.1 Ga) 
along the boundary zone followed by erosion that exposed mid-crustal metamorphic rocks and 
structures. 
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PETROGRAPHY, MINERAL ASSEMBLAGES, AND REACTION TEXTURES 
The gedrite-cordierite gneisses are characterized by a grano-lepidoblastic texture composed 
of coarse (up to 3 cm in length), dark green, glomeroporphyroblastic gedrite crystals, dark violet 
cordierite (up to 2 cm in length), and red garnet porphyroblasts (up to 3 cm in diameter). Sillimanite-
rich gneisses, composed mainly of sillimanite, biotite, and muscovite, commonly contain white 
rounded "pods," up to 4 cm in length, and resemble nodular sillimanite or andalusite rocks that are 
found throughout Colorado in and around Proterozoic metamorphosed massive sulfide deposits. 
Gedrite-cordierite-bearing gneisses contain coronas (Fig. 3), symplectic intergrowths, 
reaction rims, and pseudomorphs. We consider assemblages in the gneiss as two textural 
associations, an "enclave" (using the terminology of Robinson and Jaffe, 1969) association and a 
"matrix" association (Table 1 ). The "enclave" association, which is composed of different 
combinations of hercynite, corundum, staurolite, relict sillimanite, cordierite, hogbomite, ilmenite, 
and quartz, is separated from "matrix" association (gedrite, cordierite, almandine-rich garnet, and 
accessory ilmenite and quartz) by a corona of cordierite (Table 1). Minor amounts of retrograde 
phlogopite, chlorite, and sericite partially replace preexisting gedrite, garnet, or cordierite in both 
associations. The following mineral associations occur from the center of the aluminous "enclave" 
toward the matrix: sillimanite-aluminous minerals (hercynite-staurolite-corundum)-hercynite-
cordierite symplectites-cordierite shell-gedrite +garnet+ cordierite. Within the "enclaves" the 
minerals lack any deformational features, in contrast to the deformed gedrite-garnet matrix. 
It is noted here that trace amounts of ilmenite, sphalerite, pyrite, and chalcopyrite as well 
retrograde chlorite and sericite occur in one sample (99C0-63) void of "enclaves." This rock is also 
composed of garnet, gedrite, cordierite, quartz, and later-formed biotite. 
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Gedrite-cordierite-garnet-quartz "matrix" association 
Porphyroblasts (up to 2 cm in length) of acicular to prismatic crystals of gedrite in the 
"matrix" association show undulose extinction and subgrain development. In addition, fine-grained 
euhedral, short prismatic and elongated tabular crystals of gedrite are included in cordierite (Fig. 4a). 
Optically continuous, corroded inclusions of cordierite in recrystallized gedrite suggests that 
cordierite was present before gedrite recrystallized. Gedrite, garnet, ilmenite, quartz, and minor 
apatite and zircon, as well as rare plagioclase ( only one grain identified herein) occur in matrix 
cordierite. 
Garnet (up to 3 cm in diameter) is fractured in places and elongate parallel to the orientation 
of the long axes of gedrite. Smaller garnet crystals (up to 0.2 mm in diameter) occur as inclusions in 
cordierite, whereas a few fine-grained inclusions of gedrite are present in garnet (Figs. 4a, b ). Gamet 
porphyroblasts are usually surrounded by a corona of cordierite (Fig. 4b ). Quartz occurs as inclusions 
within cordierite and garnet, as well as individual crystals in contact with gedrite, garnet, and 
cordierite. Ilmenite, which is the dominant oxide in these rocks, is present as anhedral to euhedral 
crystals (up to 0.8 mm in length) in contact with and as inclusions in garnet, cordierite, and gedrite 
(Figs. 4a, b ). Traces of hematite are intergrown with ilmenite. 
Phlogopite, up to 0.2 mm in length, replaces or cross cuts gedrite and garnet and appears to 
have formed after these minerals. Pale green chlorite partially replaced phlogopite, cordierite, and 
gedrite, and along with sericite, forms part of the incipient pinitization of cordierite. 
Cordierite-ltercynite-corundum-staurolite-sillimanite-ilmenite-hogbomite "enclave" association 
The "enclave" association consists of a central nucleus of Al-rich minerals surrounded by a 
halo of cordierite (Fig. 4c ). Corroded sillimanite is located in the center of the enclave, in contact 
with hercynite, corundum, staurolite, cordierite, and ilmenite (Fig. 4d). In places, these minerals 
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mimic the elongate sections of sillimanite, which they have replaced (Fig. 4d, e). Tiny hercynite 
blebs and ilmenite are included in sillimanite. Hercynite also appears as isolated dark green and rare 
pale green anhedral to subhedral crystals (0.1 mm in length) and as symplectic intergrowths with 
cordierite. In some samples, hercynite contains abundant tiny opaque inclusions of magnetite or 
ilmenite, either concentrated in the rims or distributed within the host crystal. Hercynite-cordierite 
symplectites appear in the contact between the outer rim of the sillimanite crystal and the cordierite 
shell (Fig. 4d, f). Within the intergrowth, cordierite predominates in volume over hercynite, which 
has a worm-like morphology oriented quasi perpendicular to the corona-matrix interface and parallel 
to the long side of the sillimanite crystal. 
Corundum, which varies from small colorless subhedral crystals to larger pale blue 
xenomorphic poikilitic crystals (up to mm in size) enclosing cordierite, characteristically exhibits 
corroded rims and contains inclusions of ilmenite. A few inclusions of hercynite and staurolite were 
also identified in corundum. Corundum is also often associated with ilmenite (and hercynite) in rare 
and complex intergrowths whereby both minerals contain small inclusions of the other mineral. 
Staurolite is characterized by yellow euhedral short prismatic crystals in the absence of sillimanite 
(Fig. 4g) and xenomorphic, colorless to pale yellow crystals in the presence of sillimanite (Fig. 4e ). 
In the latter variety, staurolite, corundum, and cordierite form together with the assemblage hercynite-
cordierite-corundum rectangular "mosaic"-like pseudomorphs that partially replaced sillimanite. 
Ilmenite and minor amounts of hercynite are included in staurolite. 
Ilmenite occurs in the coronas as xenomorphic to sub-automorphic crystals associated with 
the aluminous minerals. It is included in cordierite and hercynite, and contains euhedral corundum 
inclusions. In some samples, an intergrowth or replacement among ilmenite, hercynite, corundum, 
and hogbomite is visible. In places, dark brown hogbomite , (up to 0.05 mm in size), appears as thin 





Compositions of silicates and oxides were determined using an ARL-SEMQ electron 
microprobe in the Department of Geological and Atmospheric Sciences at Iowa State University. The 
operating conditions were an accelerating voltage of 15 kV and a specimen current of 20 nA. Natural 
and synthetic silicates and oxides were used as standards. Representative mineral analyses are given 
in Tables 2 and 3 and all compositions are presented in Appendix 3. Mineral and end-member 
abbreviations used are after Kretz (1983). 
Orthoamphibole 
Thirty-nine analyses of amphiboles were obtained, with representative analyses given in 
Table 2. Cations were calculated on the basis of 23 oxygen atoms and the proportion ofFe3+ was 
calculated following the procedure of Robinson et al. (1982). Using the International Mineralogical 
Association classification (Leake et al., 1997), amphiboles from Evergreen fall in the "gedrite" and 
"ferrogedrite" fields in a plot of Si vs. Mg/Mg+Fe2+ (Fig. Sa). Amphiboles from Evergreen contain 
less alkalis and Al1v (Na+K < 0.5, Al1v < 2 p.f.u.) than the "ideal gedrite" 
(Na0 _5(Mg,Feh5AluSi6A}zO2z(OH)2), of Robinson et al. (1971) (Fig. Sb). They also contain low 
alumina (11.1 to 17.4 wt.% Al2O3) and Al1v (1.02 to 1.89 assuming 23 oxygen atoms) amounts. 
Compared to gedrites from the Post Pond Volcanics, Vermont (Spear, 1980), gedrites from Evergreen 
contain up to 0.3 p.f.u. more Al1v. The Na2O content is also low and varies from 0.85 to 1.85 wt. %. 
These variations in composition can be explained by the following substitution mechanisms: FeMg_ 1, 
NaAlIVD_1Si_ 1 (edenite exchange), and Al1v Alv1Si_1Mg_1 (tschermakite exchange) (Robinson et al., 
1971 ; Spear, 1980) (Figs. 5c,d). A strong inverse relationship exists between total Si and Na+Al1v 
content, with the silica content (6.10 to 6.98 p.f.u) being higher than that found in ideal gedrite (Fig. 
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5c). However, a plot of total Al versus Si+Mg shows a weak correlation (Fig. 5d). The edenite to 
tschermakite ratio (calculated as (Na+Kt/[Al1v-(Na+Kt], after Damman, 1989) ranges from 0.22 to 
0.46. A plot of Alv1 versusXFe (Fe2+/(Mg+Fe2+)) shows that mostXFe values range from 0.43 to 0.54 
(with two values of 0.33) whereas values of Alv1 range from 0.70 to 1.29 (with two values of 0.32 and 
0.40) (Fig. Se). Most Alv1 values are within the range of those given by Spear (1980) but some are 
lower than those of Spear and of "ideal gedrite." Values of XMg (Mg/(Mg+Fe2+)) range from 0.46 to 
0.57, with two outlier values of 0.68 and 0.71. The variation in the occupancy of the A site (0.25 to 
0.53) versus XFe (Fig. Sf), indicates that the A-site occupancy of gedrite from Evergreen is similar to 
the lower XFe values of 0.33 to 0.49 given by Spear (1980). 
Cordierite 
Representative microprobe analyses of cordierite from corona and matrix assemblages are 
presented in Table 2. Partitioning of Fe and Mg expressed as XMg (Mg/(Mg+FeTotaI)) ranges from 0.7 
to 0.8 and indicates that cordierite is the most magnesian mineral present in gedrite-cordierite rocks. 
Magnesium ranges from 8.5 to 13.5 wt.% MgO whereas the FeO content varies between 5.6 and 8.16 
wt. %, with the highest FeO value found in the corona assemblage. The Al content is relatively 
constant, and ranges from 31.90 to 37.60 wt.% AhO3 whereas Alv1 and Al1v vary between 2.7 and 
3.19 and from 0.9 to 1.38 p.f.u., respectively. Cordierite also contains minor amounts of Na (0.05-
0.77 wt.% Na2O). 
Garnet 
Twenty six analyses of cores and rims of garnet grains show that individual crystals are 
compositionally homogeneous (Table 2). End members were calculated following Rickwood (1968) 
whereas the proportion offerric to ferrous iron was determined using the technique of Droop (1987). 
Almandine (Alm), pyrope (Py), spessartine (Spess), grossular (Gross), and andradite (And) contents 
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vary from Alm56_3 to Alm19.1, Py15.3 to Py32.4, Spess1.9 to Spesss.3, Grosso.a to Grosss.9, and Ando.a to 
And6_3, respectively. Low amount of ferric iron are also present in garnet (0.0-0.26 p.f.u.). 
Staurolite 
Iron and magnesium contents of staurolite are 12.5-13 .4 wt. % FeO and 1. 7-2.2 wt. % MgO, 
respectively (Table 3) whereas X Mg values range from 0.19 to 0.25 , with the lowest X Mg value being 
higher than that for garnet. This shows that staurolite is the most iron-rich non-sulfide in the 
Evergreen rocks. Staurolite also contains minor amounts of zinc (0.49-0.89 wt. % ZnO), which may 
have played an important role in stabilizing it to upper amphibolite facies (Ribbe, 1982). These Zn 
contents are similar to or less than those of staurolite associated with cordierite-orthoamphibole rocks 
in or adjacent to massive sulfide deposits elsewhere ( e.g., Palmeiropolis, Brazil, Araujo et al., 1995; 
Geco, Ontario, Spry, 1982). However, compared to staurolites from gedrite-cordierite localities 
unrelated to massive sulfides ( e.g. , New Hampshire, Schumacher and Robinson, 1987), staurolite 
from Evergreen contains slightly higher amounts of Zn. 
Hercynite 
Spinels from Evergreen are zincian hercynites that contain 3.57 to 19.48 weight percent ZnO 
and possess X Mg values ranging from 0.18 to 0.29 (Table 3; Fig. 6). Compared to spinels spatially 
associated with massive sulfide deposits, spinels from Evergreen contain less zinc , and fall in the field 
of "aluminous metasediments" of Spry and Scott ( 1986). No compositional zoning was detected 
within individual crystals. 
Hogbomite 
The Zn content of hogbomite ([Fe, Mg, Zn] 5Al 16TiO30[OHh), ranges between 1.67 and 8.62 
wt. % ZnO, with an average of about 3 wt. % ZnO (Table 3). Values of X Mg vary from 0.17 to 0.29 
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whereas FeO and MgO contents range between 20.2-26.9 wt.% FeO and 2.2-5.2 wt. % MgO, 
respectively, thus showing that hogbomite from Evergreen is among the most iron-rich yet reported. 
The Zn:Fe ratio of hercynite is greater than that for hogbomite but parallel tie lines between 
coexisting hogbomite and hercynite suggest equilibrium (Fig. 6). 
Hogbomite from Evergreen contains less Zn than hogbomite from the Gamsberg Zn deposit, 
South Africa (up to 15.5 wt.% ZnO; Spry and Scott, 1986), and the Manitouwadge Cu-Zn deposits, 
Ontario (up to 17 .5 wt. % Zn 0, Petersen et al., 1989), approximately the same as that in the Broken 
Hill Cu-Pb-Zn-Ag deposit, South Africa (up to 10.5 wt. % ZnO; Spry and Petersen, 1989) whereas 
more Zn occurs in Evergreen hogbomite than those recorded from the Black Mountain Cu-Pb-Zn-Ag 
deposit, South Africa (up to 3.5 wt.% ZnO; Spry and Petersen, 1989), the Willroy Cu-Zn deposit, 
Ontario (0.7 wt.% ZnO, Chew, 1977), and the Benson Fe mine, New York (up to 3.22 wt.% ZnO, 
Petersen et al., 1989). 
Corundum and sillimanite 
Analyses of corundum show that it consists of essentially pure AhO3 with up to 0.99 wt. % 
FeO (Appendix 3) whereas relict sillimanite crystals located in the core of the "enclaves" contain up 
to 2 wt.% FeO (FeO= total iron) and up to 0.5 wt. % MgO (Appendix 3). 
Fe-Ti oxides 
Ilmenite, which contains up to 0.13 wt.% ZnO, 0.80 wt.% MnO, and 0.16 wt.% MgO, is 
the most common Fe-Ti oxide in gedrite-cordierite gneisses (Appendix 3). Hematite exsolutions are 
found in ilmenite. 
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Phyllosilicates 
Biotite grew at the expenses of gedrite during retrograde metamorphism and exhibits uniform 
compositions close to end-member phlogopite (Deer et al., 1966), with values of XMg = 0.66-0. 71 
(Appendix 3). Values of Al1v and Alv1, calculated on the basis of 22 oxygens, range from 2.43 to 
2.62, and 0.26 to 0.68, respectively. Up to 1.3 wt. % TiO2 and< 0.1 wt% MnO, CaO, Cr2O3, and 
ZnO, and between 0.3-0.5 wt. % Na2O are also present in phlogopite. Like phlogopite, chlorite 
( classified as pynochlorite) is also a product of retrograde metamorphism. It possesses a high Mg 
content and almost the same Fe-Mg distribution coefficients as phlogopite (XMg= 0.66-0.70) 
(Appendix 3). 
Plagioclase 
A single tiny plagioclase crystal, with proportions An65 to An81 , was fou?d as an inclusion in 
cordierite. 
PHASE RELATION SHIPS 
Mineral chemistry of gedrite-cordierite rocks from Evergreen can be described within the 
system SiO2-TiOrA12OrFeO-MnO-MgO-ZnO-CaO-Na2O-K2O-H2O. However, this system can be 
constrained following the procedure-o f3 -chumaclrerand Robinson ( 1987) and Robinson and Jaffe 
(1969), by first removing water, which is considered to be an excess and perfectly mobile component. 
To make the system suitable for representing and balancing metamorphic equilibria, the system can 
be further constrained by removing the accessory components CaO, MnO and Na2O, which are 
present in minor amounts in garnet. Na2O can essentially be ignored as it is present in gedrite only. 
TiO2 is present in considerable amounts only in ilmenite and later-formed hogbomite and is, 
therefore, treated as an accessory inert component except in reactions involving these two minerals. 
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ZnO is considered here as an active component in reactions producing hercynite, staurolite, and 
hogbomite, but as an inert constituent in a 11 remaining reactions. S ince b iotite is present in only 
minor amounts and represents the only potassic mineral present, the K20 component is not considered 
further. Chemographic relationships can therefore be reduced to the determining system FeO-MgO-
Ah0rSi02 (FMAS). For the purpose of graphically representing sub-assemblages in two 
dimensions, the chemical composition of analyzed minerals can be plotted in ternary diagrams 
projecting from excess components like Si02, Ah03, or AhSi05, which are represented by quartz, 
corundum, and sillimanite, respectively (Greenwood, 1975; Robinson and Jaffe, 1969). 
Using the procedure of Robinson and Jaffe (1969), the chemographic relationships are 
schematically shown in SiOr(FeO+MgO)-Ah03 sub-space, in which cordierite, gedrite, garnet, 
hercynite, staurolite, sillimanite, and corundum are plotted with tie-lines joining coexisting phases 
(Fig. 7a). Such representation is useful to show the change in topology due to metamorphic reactions 
and will be used in the next section. However, the presence of the extra component Zn in hercynite 
and staurolite requires the addition of the Zn component to the diagram, and therefore a three-
dimensional representation (4 components), in order to show the observed assemblages without 
producing crosscutting tie-lines. This compositional space is illustrated by the tetrahedron SiOr 
(FeO+MgO)-Ah03-ZnO (Fig. 7b ), in which the addition of the Zn component, located behind the 
plane containing S-(F+M)-A, allows the representation of the four-phase assemblage hercynite-
cordieri te-stauroli te-corundum. 
An alternative approach for showing chemographic relationships is to project from an extra 
phase following the method of Greenwood (1975). One possibility consists of projecting from 
sillimanite onto the plane SiOrMgO-FeO or SiOrMgO-(FeO+ZnO+MnO). Such a projection was 
used by Robinson and Jaffe (1969) and Schumacher and Robinson (1987) to represent idealized 
staurolite and corundum compositions in aluminous assemblages. When using real mineral 
compositions, instead of idealized compositions, this projection does not work well to represent the 
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"enclave" assemblages present in gedrite-cordierite rocks from Evergreen, since three of the minerals, 
corundum, hercynite, and staurolite, plot in a negative sense (Fig. 7c). However, it is useful to show 
the matrix assemblage. Alternative chemographic representations consist of projecting from 
corundum or quartz, which are ubiquitous in the "enclave" and "matrix" assemblages, respectively. 
A projection from corundum allows for the representation of some of the "enclave" reactions and the 
visualization of the mineral reactions involving corundum. (Fig. 7d). However, the "matrix" minerals 
garnet and gedrite do not coexist with corundum and so a representation of these minerals in such 
diagram would be invalid. The second alternative, which involves a quartz projection onto the plane 
defined by [Ah03-(Na20+CaO)]-MgO-(FeO+ZnO+MnO), permits the representation of both, 
"matrix" reactions and "enclave" reactions not involving corundum (Fig. 7e). The result of adding 
Zn+Mn, and subtracting Na+Ca is to minimize the effect of these extra components in the projection 
of hercynite, staurolite, gedrite, and garnet. This projection works well to represent a particular 
mineral reaction that will be shown in the next section. One feature that can be observed with this 
projection is that the most Mg-rich and Al-poor cordierite coexists with hercynite. Projections in Fig. 
a, c, and e will be used in the next section to show mineral assemblages and metamorphic reactions 
that occurred during formation of the corona textures. 
INTERPRETATION OF TEXTURES AND METAMORPHIC REACTIONS 
Based on detailed textural studies of "enclave" and "matrix" associations, and mineral 
chemistry of minerals obtained from microprobe analysis, a set of metamorphic reactions in the 
systems FMAS, FMAZ, and TFA (TiOrFe0-Ah03) was determined and balanced using matrix 
inversion. These reactions took place during the evolution of gedrite-cordierite gneisses to form 
corona, symplectite, and pseudomorph textures. The observed and inferred mineral reactions and 
calculated stoichiometric coefficients obtained are listed in Table 4. 
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Gedrite + sillimanite ±quartz± hercynite is considered to be the peak metamorphic 
assemblage in gedrite-cordierite rocks based on the existence of relict ( corroded) sillimanite crystals 
in the center of the enclave that are nowhere in contact with the "matrix assemblage" gedrite-garnet, 
the presence of tiny hercynite inclusions in sillimanite, and the occurrence of quartz inclusions in 
cordierite, gedrite, and garnet (Fig. 8a). Deformational features observed in the matrix minerals 
gedrite, cordierite, and garnet, the presence of gedrite inclusions in cordierite and garnet and of 
inclusions of quartz in garnet (Figs. 4a,b ), as well as the occurrence of small garnets in contact with 
cordierite suggests that these minerals formed early in the metamorphic history via the following 
reaction (Fig. 8b ): 
gedrite + sillimanite + quartz = cordierite + garnet. (1) 
Reaction ( 1) also accounts for the presence of the common assemblage gedrite-cordierite-garnet in the 
matrix. The presence of cordierite coronas around garnet, as well as garnet and gedrite inclusions in 
cordierite suggest another cordierite forming reaction (Fig. 8c): 
gedrite +garnet+ quartz= cordierite. (2) 
It is worth pointing out that some garnet may have been present in the original assemblage as well, as 
evidenced by the large deformed almandine porphyroblasts. 
Probably contemporaneous with reactions (1) and (2), another gedrite + sillimanite 
consuming reaction took place to produce cordierite: 
gedrite + sillimanite = cordierite + quartz. (3) 
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Following the treatment of Robinson and Jaffe (1969), reaction (3), which is a continuous reaction, is 
shown in Figures 8d and e. One of the possible resulting assemblages, cordierite-gedrite-sillimanite, 
is not present in Evergreen samples. However, the two other assemblages produced from reaction 
(3), sillimanite-cordierite-quartz and gedrite-cordierite-quartz, are both present in the samples studied. 
The cordierite shell around sillimanite and between sillimanite and gedrite could have resulted from 
this reaction. The nucleation of cordierite adjacent to sillimanite is probably due to the low diffusion 
rate of Al (e.g., Mongkoltip and Ashworth, 1983; Schumacher and Robinson, 1987). 
Although some hercynite was likely present prior to the formation of the aluminous enclaves, 
gedrite and sillimanite subsequently reacted to form hercynite-cordierite symplectites in contact with 
sillimanite (Figs. 4d and f) via: 
gedrite + sillimanite = hercynite + cordierite ± quartz. (4) 
Reaction (4) is represented in Fig. 8fby the crosscutting tie lines between gedrite-sillimanite and 
hercynite-cordierite. Like cordierite, hercynite nucleation was dependent upon the low diffusion rate 
of Al. However, the low diffusivity of Mg was also important for the nucleation of cordierite since it 
grew in close proximity to gedrite. The result is a shell of cordierite of almost constant width around 
sillimanite, locally intergrown with hercynite in worm-like symplectites, which separates all the 
aluminous minerals from gedrite. The assemblages cordierite-hercynite-sillimanite and gedrite-
cordierite are present in the samples studied and shown in Fig. 8f. Reaction (4) also allows for the 
presence of coexisting hercynite and cordierite in the corona in sillimanite-bearing and sillimanite-
absent samples (see Fig. 4e). In the latter samples, sillimanite was consumed during the progress of 
the reaction. 
The formation of staurolite in the corona is considered to result from the following reaction: 
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gedrite + sillimanite + hercynite = staurolite + cordierite. (5) 
Reaction (5) also accounts for the presence of Zn in hercynite and staurolite, the assemblage 
staurolite-cordierite-sillimanite (Figs. 4e and 8g), and the presence of hercynite inclusions in 
staurolite and cordierite. The same reaction was also balanced for the Zn content of hercynite and 
staurolite in the system FeO-MgO-AhO3-ZnO (FMAZ) (reaction 4' in Table 12 and Fig. 8g). The 
assemblages gedrite-hercynite-staurolite and gedrite-staurolite-cordierite, indicated in Fig. 8g, are not 
present in the samples studied. A reaction similar to reaction (5), but without hercynite as a reactant, 
was proposed to explain the origin of enclaves in samples from New Hampshire (Robinson and Jaffe, 
1969). This reaction: 
gedrite + sillimanite = staurolite + cordierite ± quartz, (6) 
also accounts for the formation of staurolite in Evergreen samples (Fig. 8h and 8i). Both projections 
show gedrite-sillimanite tie-lines cut by the staurolite-cordierite tie-line. 
The formation of corundum in enclaves is interpreted as the result of one or both of the 
following reactions: 
sillimanite + hercynite = corundum + staurolite, (7) 
sillimanite + hercynite = corundum+ staurolite + cordierite. (8) 
The presence ofhercynite inclusions in corundum and staurolite, and the presence of the assemblages 
corundum-staurolite-cordierite (see Fig. 4g) and cordierite-sillimanite-staurolite in the "enclaves" are 
consistent with staurolite formation by these reactions also. In places, corundum, staurolite, and 
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cordierite occur as pseudomorphs after sillimanite. Reactions (7) and (8) are schematically shown in 
Figures 8j and 8k, respectively. Locally, the assemblage cordierite-hercynite-corundum (Fig. 81) 
partially replaced sillimanite via reaction (9): 
staurolite = cordierite + hercynite + corundum, (9) 
which was proposed previously by Robinson and Jaffe (1969) for the formation of these three 
minerals in gedrite-cordierite gneisses in New Hampshire. 
The formation ofhogbomite rims along the contact between ilmenite and hercynite (Fig. 4h) 
and adjacent to corroded corundum suggests the following reaction (Petersen et al., 1989): 
hercynite +ilmenite+ corundum= hogbomite . (10) 
According to Petersen et al. (1989), reaction (10) is a pressure independent reaction. 
THERMOBAROMETRY 
The stability of the inferred peak assemblage gedrite + sillimanite ± quartz± hercynite, 
coupled with the upper stability limits of cordierite + staurolite and cordierite + garnet suggests peak 
metamorphic pressures were > 5 kbar (Fig. 9) . The composition of gedrite obtained in the present 
study show a broad range of Al 1v (1.02 to 1.89), Alv1 (0.32-1.29), and A-site occupancy (0.24-0.54) 
values, which indicates that they are hypersolvus orthoamphiboles (Fig. 5). The location of the 
orthoamphibole solvus reaction (Spear, 1993): 
gedrite + anthophyllite = orthoamphibole, (11) 
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provides with the lower temperature limit of orthoamphibole formation. Utilizing T-X solvii for 
orthoamphiboles (Spear, 1980, Fig. 14), these gedrite-ferrogedrite compositions suggest a minimum 
temperature of orthoamphibole formation (and peak metamorphic temperature) of >590 °C (Fig. 9). 
The upper stability field of staurolite (assuming excess quartz), as dictated by the following 
reaction (Spear, 1993): 
staurolite = sillimanite + cordierite + garnet, (12) 
suggests that the Evergreen rocks may have been subjected to temperatures as high as 680 °C (Fig. 9). 
However, this temperature may be a minimum as staurolite contains up to 0.9 wt% ZnO, thus 
causing reaction (11) to shift to slightly higher temperatures. The presence of sillimanite in 
Evergreen rocks constrains the lower pressure limit to the intersection of reaction (12) with the 
reaction: 
andalusite = sillimanite, (13) 
which using the aluminosilicate triple point of Holdaway and Mukhopadhyay (1993) indicates a 
minimum pressure of approximately 2 kbar (Fig. 9). 
Gamet-cordierite geothermometry used is based on experimental or empirical calibrations of 
the following exchange equilibria (Thompson 1982): 
MgFe_1 [cordierite] = MgFe_1 [garnet], (14) 
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Temperatures have been calculated at 2 and 5 kbars, which is the range of pressures estimated 
from reactions (1) and (6) and the intersection of reactions (11) and (12). The gamet-cordierite 
geothermometer was applied to eleven gamet-cordierite pairs from five samples and yielded 
temperatures of 629-673 °C (average T = 653 °C) at 5kbar and 616-659 °C (average T = 639 °C) at 2 
kbar (Table 5), using the calibration of Bhattacharya et al. (1988). 
The association of spinel with sillimanite, cordierite, and quartz in the "enclaves" allows for 
the application of the spinel-sillimanite-cordierite-quartz geothermometer of Nichols et al. (1992). 
Using this geothermometer, temperatures were obtained from the composition of seven hercynite-
cordierite pairs from three samples utilizing the form in the url: 
http://www.es.mq.edu.au/geology/geoff/geothenn/html/ (Nichols et al., 1992), which provides 
temperature values every 2 kbar of pressure. The values acquired are 483 to 611 °C at 6 kbar and 
468 to 593 °C at 2 kbar (Table 6a), and the extrapolated temperatures at 5 kbar are 482-608 °C. An 
additional geothermometer that has been used is that of Vielzeuf (1983), which is based on the 
distribution of Fe and Mg between coexisting spinel and cordierite. This pressure independent 
geothermometer yielded temperatures of 567 to 780°C for twelve spinel-cordierite pairs in four 
samples (Table 6b ). 
DISCUSSION AND CONCLUSIONS 
Geothermobarometry 
Using the stability fields of sillimanite, staurolite (reaction (12)), cordierite + garnet (reaction 
(1)), cordierite + staurolite (reaction (6)), coupled with the minimum temperature of 590 °C derived 
from the composition of gedrite, the P-T conditions recorded in cordierite-gedrite rocks in the 
Evergreen area are approximately 590-680 °C and 2.0-5.4 kbars. The upper temperature limit may be 
slightly higher as a result of the minor amount of Zn in staurolite. Temperatures obtained from the 
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following geothermometers: gamet-cordierite (629-673 °Cat 5kbar and 616-659 °Cat 2 kbar, using 
the calibration of Bhattacharya et al. (1988)), the spinel-cordierite (567 to 780 °C) of Vielzeuf (1983) , 
and the spinel-sillimanite-cordierite-quartz (482 to 608 °Cat 5 kbar and 468 to 593 °Cat 2 kbar, 
utilizing the calibration of Nichols et al. (1992)), overlap with the range of conditions given by the 
silicate stabilities. However, the lowest temperatures obtained from spinel-sillimanite-cordierite-
quartz geothermometry must be in error since they are< 504 ± 20 °C (i.e. aluminosilicate triple point 
of Holdaway and Mukhopadhyay, 1993), and must fall within the kyanite or andalusite stability 
fields. The problem is exacerbated if the aluminosilicate triple point of 550 °C and 4.5 kbar of 
Pattison (2001) is preferred. The temperature range of the gamet-cordierite geothermometer fits 
within the range of temperatures derived from silicate stabilities whereas the upper temperature 
obtained from the spinel-cordierite geothermometer is higher than the upper stability limit of 
staurolite. The reason for the broad range of temperatures using the spinel-cordierite geothermometer 
remains uncertain but Vielzeuf (1983) claimed that the geothermometer was best used for granulite 
facies rocks, rather than amphibolite facies rocks, and pointed out that the distribution coefficients 
(and hence the error of uncertainty) for the spinel-cordierite calibration are more dispersed at lower 
temperatures (i.e. amphibolite facies). However, it may also be due to the presence of Zn in 
hercynite. 
The origin of coronas, symplectites, and pseudomorphs 
Robinson and Jaffe (1969), Schumacher and Robinson (1987), Clarke et al. (1989), Yardley 
(1989), and Passchier and Trouw (1996) provide considerable evidence to support the concept that 
aluminous coronas in rocks metamorphosed to upper amphibolite-granulite facies, formed after peak 
metamorphism during a period of decompression associated with substantial exhumation. However, 
some alternative interpretations suggest that coronas may have formed along a "normal" retrograde 
102 
cooling path ( e.g. Clarke and Powell, 1991; Brown, 2002) or even during pro grade metamorphism 
(Pitra and De Waal, 2001). 
Textural and compositional studies of symplectites and coronas in gedrite-cordierite rocks at 
Evergreen suggest that they formed via a series of discontinuous and diffusion-controlled reactions 
from the assemblage gedrite-sillimanite±hercynite±quartz. These reactions help explain: 1) The 
presence of relict sillimanite crystals in the center of the coronas; 2) the formation of hercynite-
cordierite symplectites between sillimanite and gedrite; 3) the cordierite shell around the Al-rich 
minerals, which separates them from gedrite and garnet; 4) hercynite and staurolite inclusions within 
corundum and hercynite inclusions in staurolite; 5) hercynite-cordierite-corundum, and corundum-
staurolite-cordierite pseudomorphs after sillimanite; and 6) hogbomite reaction rims between 
hercynite and ilmenite where spatially associated with corundum. Textural evidence is insufficient to 
predict a unique P-T trajectory associated with the formation of coronas and symplectites. However, 
we estimate that they formed after peak metamorphic conditions (>590 °C and >5 kbars) were 
reached at around 590-680 °Cat 2-5 kbars. These conditions are similar to P-T estimates (620-710 °C 
at 3-5 kbar) for rocks in the central City area 25 km north-east of Evergreen (Gable and Sims, 1969). 
The P-T history of the Evergreen area is difficult to reconstruct except in a qualitative 
fashion. However, textural evidence for minerals in the system FMAS suggest a counter clockwise P-
T trajectory. The earliest assemblage, gedrite-cordierite-gamet-sillimanite, requires initial P-T 
conditions to be located on reaction (1). Minerals in this assemblage have been deformed. 
Subsequently, staurolite, which occurs in the undeformed "enclave" assemblage formed from reaction 
(12). This sequence of events can only be achieved by a counter clockwise path shown in Fig. 9. The 
reaction textures (coronas, symplectites) present in Evergreen gedrite-cordierite gneisses are 
consistent with the segment of the P-T path characterized by a nearly isothermal decompression, and 
also with the counter clockwise P-T history proposed by Selverstone et al. (1999) for the evolution of 
Proterozoic crustal rocks beneath the Colorado Plateau, based on textural evidence from xenoliths in 
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Tertiary diatremes. The origin ofhogbomite by the nearly isobaric reaction (10) suggests that it likely 
formed during cooling after the development of the aluminous "enclaves". 
Considering the location of the boundary zone between the Yavapai and Mazatzal provinces 
of Shaw and Karlstrom (1998) and the evidence supporting that the Yavapai province overthrusted 
the Mazatzal province (Shaw and Karlstrom, 1998; Selverstone et al., 1999), the Evergreen area, 
which is located in the Yavapai province, was likely affected by decompression. This assumption can 
be correlated with a 1.7-1.65 Ga postcollisional decompressional history and metamorphism inferred 
for the Mazatzal province (Williams and Karlstrom, 1996; Selverstone et al., 1999) and the intrusion 
of the Boulder Creek Granite pluton at 1,710 ± 40-Ma (Hedge, 1969), 5 lan south of Evergreen, 
which overlaps the age of metamorphism of 1,775-1,700 Ma (Hedge et al., 1967). Such a scenario 
could explain the formation of the corona and symplectic textures, which are generally originated by 
rapid decompression. Alternatively, the intrusion of 1,440 Ma granitoids (Silver Plume Granite) 
about 5 lan southeast of the study area, may also have played a role in the generation of the corona 
textures and mineral growth, consistent with recent geochronological data and interpretations of a 
metamorphic event at about 1.4 Ga in the Wet Mountains (Siddoway et al. , 2002). 
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Figure 3. Scanned image of a thin section showing the corona structure composed of a core 
of aluminous minerals, hercynite, staurolite, corundum, sillimanite, cordierite, and 
hogbomite, plus ilmenite, which is separated from gedrite and almandine garnet by a moat of 
cordierite. 
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Figure 4. Photomicrographs in plane-polarized transmitted light of: a. gedrite (ged)-
almandine (alm)-cordierite (crd)-ilmenite (ilm) assemblage; b. almandine surrounded by 
cordierite and gedrite; c. corona structure showing the core composed ofhercynite (he)+ 
cordierite surrounded by a corona of cordierite. Gedrite is out of the field of view; d. 
hercynite-cordierite symplectite in contact with relict sillimanite (sil), and corundum (cm)-
cordierite-hercynite in contact with cordierite at the edge of a corona; e. hercynite-cordierite 
and corundum-staurolite (st)-cordierite pseudomorphs after sillimanite; f. hercynite-cordierite 
symplectite in contact with corundum, ilmenite, and relict sillimanite, and a cordierite collar; 
g. the core of a corona composed of hercynite, euhedral staurolite, cordierite, corundum, and 



















Figure 5. Plots of orthoamphiboles from Evergreen in terms of: a. Mg/(Mg+Fe2+) vs. Si. b. 
(Na+K( vs. Alrv. Note the location of ideal gedrite (i.g.) of Robinson et al. (1971). c. 
(Na+Alrv) vs. Si displaying a linear relationship of the edenite substitution (NaAlrv _1 Si_ 1). d. 
(Mg+Si) vs. total Al exhibiting a non-linear Tschermakite substitution (Alrv Alv1Si_1Mg_1). e. 
VI 2+ 2+ . 2+ 2+ . 
Al vs. Fe /(Mg+Fe ). f. A-site occupancy vs. Fe /(Mg+Fe ) showmg hypersolvus 
orthoamphiboles (gedrites) from Evergreen. 
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Figure 8 ( continued). Metamorphic reactions shown as projections in the systems Si02-
(FeO+MgO)-Ab03 (a, b, c, e, f, g, h, j, k, and 1), SiOi-MgO-(FeO+ZnO+MnO) from 
sillimanite (d), and (Ab03-(Na20+CaO))-MgO-(FeO+ZnO+MnO) from quartz (j). Numbers 
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Figure 9. P-T diagram showing reactions pertinent to cordierite-orthoamphibole 
rocks (Spear, 1993), calculated geothermobarometry values, recorded P-T conditions 
(shaded area), and a possible P-T path for Evergreen gedrite-cordierite gneisses. 
Reaction numbers (some are the same as those in the text; in prograde direction), and 
symbols indicate: 
_ ._ Spl-crd-sil-qtz geothermobarometry (Nichols et al., 1992) 
____ o Spl-crd geothermometry (Vielzeuf, 1983) 
- · Grt-crd geothermometry (Bhattacharyha et al., 1988) 
(6) Ged + sil = crd + st (Spear, 1993) 
(8) Ged + sil = crd + grt (Spear, 1993) 
(11) Ged + ath = oam (Orthoamphibole solvus line, Spear, 1993) 
(12) St= asil + crd + grt (Spear, 1993) 
(15) Ged + st= crd + grt (Spear, 1993) 
(16) St = asil + grt + oam 
Table 1. Mineral assemblages in gedrite-cordierite gneisses from Evergreen. 
Sample 99C064 99C064B 99C065A 99C065B AHC05 AHC06 AHC07 99C063 AHC03 
Gedrite X X X X X X X X 
Cordierite X X X X X X X X 
Gamet X X X X X X X X 
Quartz X X X X X X X 
Matrix Ilmenite X X X X X X X X X 
Assemblage Hematite x? x? X x? X X 
Biotite X X X X X X X 
Chlorite 1 X X X X X X X X 
Sericite I X X X X X X 
Sillimanite X 
Sulfides 2 X 
Anorthite 3 X 
Hercynite X X X X X X X 
Staurolite X X X 
Corona Sillimanite X X 
assemblage Cordierite X X X X X X X 
Corundum X X X X X 
Hogbomite X X X X X X 
Ilmenite X X X X X X X 
Magnetite X X 
Chlorite X 
Accessory Apatite X X X X 
minerals Zircon X X X 
1 Retrograde minerals 
2 Sphalerite, pyrite, and chalcopyrite 
3 Inclusion in cordierite ...... 
? not certain if present N .,1:::. 
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Table 2. Representative chemical compositions of gedrite, garnet, and cordierite from 
Evergreen. Cations calculated based on 23, 12, and 18 atoms of oxygen, respectively. 
Mineral Gedrite Garnet Cordierite 
Wt.% 99CO65B 99CO64 99CO64B 99CO65B 99CO64B 9 9CO65B 
SiO2 45.56 45.57 SiO2 36.50 37.92 48.23 47.90 
TiO2 0.23 0.12 TiO2 0.01 0.01 0.01 0.09 
A}zO3 12.99 12.46 A}zO3 22.13 21 .09 34.36 31.93 
Cr2O3 0.00 0.02 Cr2O3 0.00 0.00 6.10 6.13 
FeO 23.98 24.33 FeO 33.25 32.63 0.12 0.10 
MnO 0.40 0.39 MnO 1.56 1.91 9.94 12.50 
ZnO 0.03 0.05 MgO 3.91 6.63 0.00 0.02 
MgO 13.31 13.35 CaO 1.78 1.72 0.09 0.09 
CaO 0.46 0.46 Na2O 0.03 0.00 0.00 0.02 
Na2O 1.41 1.20 Total 99.17 101.91 0.00 0.00 
K2O 0.01 0.01 FeO 1 32.78 29.48 0.03 0.00 
F 0.38 0.37 Fe2O3 1 0.53 3.50 0.00 0.11 
Cl 0.00 0.02 Total 1 99.22 102.26 0.00 0.01 
Total 98.76 98.35 98.88 98.90 
Si 6.716 6.721 Si 2.935 2.934 Si 4.879 4.764 
Ti 0.026 0.009 Ti 0.001 0.001 Ti 0.001 0.007 
Alrv 1.284 1.279 Alrv 0.065 0.066 Alrv 1.121 1.236 
Alvr 0.971 0.869 Alvr 2.031 1.856 Alvr 2.973 2.504 
Cr 0.000 0.006 Cr 0.000 0.000 Fe 0.516 0.510 
Fe3+ 0.000 0.054 Fe3+ 0.032 0.204 Mn 0.010 0.008 
Fe2+ 2.956 2.981 Fe2+ 2.204 1.908 Zn 0.000 0.000 
Mn 0.050 0.055 Mn 0.106 0.125 Mg 1.499 1.853 
ZnO 0.001 0.001 Mg 0.469 0.765 Ca 0.000 0.002 
Mg 2.925 2.955 Ca 0.153 0.143 Na 0.018 0.017 
Ca 0.073 0.071 Na 0.005 0.000 K 0.000 0.003 
NaA 0.403 0.332 Alm 75.16 56.30 I: cations 11.017 10.904 
KA 0.002 0.000 And 1.62 6.04 XMg 0.74 0.78 
SumA 0.405 0.332 Gross 3.61 0.00 
Cl 0.000 0.008 Pyrope 15.98 32.37 
F 0.177 0.303 Spess 3.62 5.30 
I: cations 16.000 15.975 XCa 0.05 0.05 
.xMg 0.50 0.50 XFe 0.75 0.65 
XMg 0.16 0.26 
Fe2+/ Mg 4.70 2.49 
1 Calculated. 
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Table 3. Representative chemical compositions of spinel, hogbomite, and staurolite from 
Evergreen. 
Mineral SEinel Hogbomite Staurolite 
Wt.% 99CO64 99CO64B 99CO64 99CO65B 99CO64 99CO64 
... SiO2 D.04 0.06_ 0.01 0.94 27.05 26.82 
TiO2 0.00 0.03 4.93 5.76 0.23 0.19 
A}iO3 58.06 58.06 60.17 57.07 55.62 55.64 
Cr2O3 0.06 0.01 0.00 0.31 0.00 0.00 
FeO 20.92 31.85 23 .79 26.37 11.98 12.97 
MnO 0.14 0.17 0.11 0.09 0.13 0.25 
ZnO 18.09 4.61 7.45 2.76 0.82 0.54 
MgO 3.49 5.32 2.96 4.61 2.02 1.85 
CaO 0.02 0.05 0.01 0.00 0.00 0.00 
Na2O 0.00 0.18 0.00 0.09 0.09 0.00 
K2O 0.00 0.01 0.02 0.01 0.10 0.01 
F 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.02 0.02 0.00 0.01 0.01 0.01 
Total 100.83 100.36 99.46 98.00 98.05 98.27 
Oxygens 4 31 48 
Si 0.001 0.002 0.001 0.203 7.791 7.732 
Ti 0.000 0.001 0.800 0.940 0.051 0.041 
Al 1.97 1.939 15 .294 14.589 18.877 18.904 
Cr 0.001 0.000 0.000 0.053 0.000 0.001 
Fe 0.504 0.755 4.291 4.784 2.884 3.126 
Mn 0.003 0.004 0.021 0.017 0.031 0.060 
Zn 0.384 0.096 1.187 0.442 0.174 0.115 
Mg 0.150 0.225 0.953 1.489 0.869 0.793 
Ca 0.000 0.001 0.001 0.000 0.000 0.000 
Na 0.000 0.01 0.000 0.037 0.050 0.000 
K 0.000 0.000 0.006 0.001 0.035 0.002 
F 0.000 0.000 0.000 0.000 0.000 0.000 
Cl 0.001 0.001 0.000 0.003 0.004 0.004 
Total 3.014 3.034 22.554 22.56 30.766 30.778 
XMg 0.23 0.23 0.18 0.24 0.23 0.20 
Table 4. Reactions and stoichiometric coefficients for equilibria discussed in the text. 
Sample Reaction System 
64B 2.33 ged + 2.22 sil + 3.23 qtz = 4.45 cord+ 1.0 grt FMAS 
64 0.3 ged + 0.7 sil = 2.4 qtz + 1 crd (F+M)-S-A 
64B 0.63 ged + 0.79 sil = 1.85 he+ 1 crd + 2.36 qtz FMAS 
64 0.61 ged + 1.70 sil + 1.14 he= 0.71 st+ 1.0 crd FMAS 
64 0.62 ged + 1.56 sil + 0.58 he= 0.59 st+ 1.0 crd FMAZ 
64 0.63 ged + 1.49 sil = 0.51 st+ 1.0 crd + 0.99 qtz FMAS 
64 2.39 sil + 4.12 he= 4.07 cm+ 1 st FMA 
64 2.86 sil + 6.36 he= 4.5 cm+ 1.42 st+ 0.01 crd FMAS 
64 1st= 1.74 crd + 2.86 he+ 47 cm FMA 













Table 5. Temperatures obtained from gamet-cordierite geothermometry. 
Sample Ko crd/grt1 B882'3 C° C) Avg. C° C) B884C° C) Avg. C° C) 
AHCO6 0.09 654 653 640 639 
II II 0.10 673 659 
AHCO5 0.08 636 623 
II II 0.08 629 616 
AHCO7 0.08 651 638 
II II 0.08 658 645 
99CO65B 0.09 670 657 
II II 0.08 650 637 
II II 0.08 655 642 
99CO65A 0.09 667 654 
II II 0.08 642 630 
1 Ko= CXFef XMg)crd/(XFelXMg)grt 
2 Calculations performed using the calibration CB88) of Bhattacharya et al. Cl988) 
3 Calculations performed at 5 kbar of pressure 
4 Calculations performed at 2 kbar of pressure 
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Table 6a. Temperatures and pressures obtained from spinel-cordierite-sillimanite-quartz 
geothermobarometry using the calibration of Nichols et al. (1992) . 
Sam le T (°C) P (kbar) Sample T (°C) P (kbar) 
ARCOS 468 2 99CO65A 608 5 
'"' 4 7 5 4 " " 611 6 
" " 482 5 99CO64 482 2 
" " 483 6 " " 490 4 
99CO65A 478 2 " " 494 5 
" " 486 4 " " 498 6 
" " 490 5 " " 581 2 
" " 494 6 '' ' ' 590 4 
'' " 568 2 '' ,, 595 5 
" " 586 4 " " 599 6 
'' " 592 5 " " 578 2 
" '' 595 6 " " 587 4 
" ,, 593 2 " " 594 5 
' ' '' 602 4 " " 596 6 
Table 6b. Temperatures obtained from spinel-cordierite geothermometry using the calibration 
of Vielzeuf (1983) (V83). 
Spinel Cordierite XMgspl XFespl XMgcrd XFecrd Kn spl-crd T (0 C)2 
Sample Mg Fe Mg Fe 1 V83 
ARCOS 0.16 0.64 1.48 0.50 0.20 0.80 0.75 0.25 0.08 567 
'' " 0.17 0.60 1.41 0.54 0.21 0.79 0.73 0.27 0.10 659 
99CO65A 0.30 0.73 1.71 0.54 0.29 0.71 0.76 0.24 0.13 779 
" " 0.29 0.79 1.80 0.57 0.27 0.73 0.76 0.24 0.12 719 
" " 0.17 0.72 1.45 0.53 0.20 0.80 0.73 0.27 0.09 588 
" " 0.19 0.72 1.40 0.55 0.20 0.80 0.72 0.28 0.10 642 
99CO64 0.19 0.74 1.44 0.51 0.20 0.80 0.74 0.26 0.09 589 
" ,, 0.22 0.65 1.44 0.52 0.26 0.74 0.74 0.26 0.12 756 
" " 0.22 0.67 1.42 0.52 0.25 0.75 0.73 0.27 0.12 747 
" " 0.18 0.61 1.41 0.52 0.23 0.77 0.73 0.27 0.11 697 
ARCO6 0.19 0.69 1.47 0.51 0.21 0.79 0.74 0.26 0.09 613 
" " 0.19 0.68 1.51 0.53 0.22 0.78 0.74 0.26 0.10 640 
1 Kn= (XM8spl X XFecrd)/(XFespl X XM8crd) 
2 T (K) = -1,763/(Ln Kn+ 0.378) 
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CHAPTER 4. GENERAL CONCLUSIONS 
The composition of zincian spinels in rocks is controlled by a variety of physical and 
chemical parameters includingj02,jS2, pressure, temperature, the composition of the host rocks, and 
whether minerals in the host rock, other than spinels and sulfides, are able to incorporate Zn in their 
structures. Although a high spinel sensu stricto content is to be expected in Mg-rich sulfide-bearing 
rocks ( e.g., Colorado), the gahnite:hercynite ratio of the spin el will be dictated by the buffering 
capacity of associated sphalerite, pyrite, and/or pyrrhotite. In spinel-bearing rocks with less than a 
few percent Zn-Fe sulfides, the buffering capacity of the rock may not have been reached. In this 
situation, spinel composition will be dictated by bulk-rock composition. 
The composition of zincian spinels can be used as an exploration guide to metamorphosed 
massive sulfide deposits as previously proposed by Spry & Scott ( 1986) but the range of preferred 
compositions has been modified to incorporate new data published in the literature since their study 
in 1986, data from aluminous granulites that were not included by Spry & Scott (1986), and new data 
obtained here from Proterozoic metamorphosed massive sulfide deposits in Colorado. 
Nearly all zincian spinels in and adjacent to metamorphosed massive sulfide deposits are 
hosted in Fe-Al-rich hydrothermally altered aluminous metasediments and/or metavolcanics and have 
the following compositional range: gahnite40_90hercynite0-40spinel0_30 . However, zincian spinels in 
unusually Mg-rich (and Ca-rich) alteration zones spatially associated with metamorphosed massive 
sulfide deposits, as observed for example in Colorado, are more enriched in the spinel sensu stricto 
molecule and show a markedly different compositional range: gahnite0_65hercynite0-40spinel20_90 . 
Therefore, the choice of spinel compositions to be used as an exploration guide will be dictated by a 
preliminary assessment of the host rocks and alteration types observed in a given terrane. For 
example, zincian spinels from the Bon Ton, Sedalia, Independence, and Caprock deposits, most from 
Green Mountain deposit, and some from the Betty, Cinderella, and Cotopaxi deposits fall within the 
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range given above for spinels in metamorphosed massive sulfide deposits hosted by hydrothermally 
altered aluminous metasediments and/or metavolcanics. However, where spinels occur with or 
without sulfides in unusually Mg-rich or Mg-Ca-rich alteration zones in Colorado, they are enriched 
in the spinel sensu stricto molecule ( e.g., Cotopaxi, Marion). In these deposits, Mg-rich bearing 
assemblages contain one or more of the following minerals: enstatite, anthophyllite/gedrite, forsterite , 
phlogopite, clinohumite, clinochlore and/or pigeonite, whereas Mg-Ca-rich assemblages contain 
actinolite/tremolite/homblende, diopside, anorthite, and/or apatite. Spinels from the Marion and 
Amethyst deposits, and an unnamed prospect near Amethyst are unusually depleted in the gahnite 
molecule and contain the highest spinel sensu stricto content of any lmown Zn-bearing sulfide 
deposit. These spinels occur in rare sapphirine-, enstatite-, and forsterite-bearing rocks. The 
compositions of zincian spinels observed here suggest that most spinels in and adjacent to 
metamorphosed massive sulfide deposits in Colorado are dictated by the bulk composition of the host 
rock. 
Textural relationships between zincian spinel and silicates or sulfides in Colorado, indicate 
that zincian spinels may have been formed by: 1. The breakdown of Zn-bearing biotite (Green 
Mountain deposit) and Zn-staurolite (Independence deposit); 2. Desulfidation reactions involving the 
replacement of sillimanite by gahnite (Bon Ton deposit) and sulfidation-desulfidation reactions 
involving zincian spinel or gahnite and sphalerite (Cotopaxi, Green Mountain); and 3. Precipitation 
from a metamorphic-hydrothermal solution in pegmatitic veins (Cotopaxi deposit). Textural evidence 
and mass balance considerations indicate that zincian hercynite from Evergreen, that occurs in 
hydrothermally altered gedrite-cordierite gneisses in corona and symplectic textures along with 
cordierite, corundum, staurolite, ilmenite, and hogbomite, was derived from the breakdown of zincian 
staurolite, and gedrite + sillimanite during a counter clockwise P-T trajectory associated with 
decompression of the Evergreen area. Textural relations suggest that spinel (sensu stricto) in sulfide-
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absent rocks from the Marion deposit and the unnamed prospect in the Wet Mountains was derived 
from the breakdown of corundum and sapphirine. 
In addition to zincian spinel, the rare mineral sapphirine ([Mg,Fe,Al]sO2[Si,Al]6O18), which is 
an accessory mineral in high grade metamorphic rocks, is also spatially associated with some 
metamorphosed massive sulfide deposits in the southern Wet Mountains, Colorado (Raymond et al. 
1980a,b). The study and deciphering of reaction textures present in sapphirine-spinel-bearing rocks 
as well as the P-T history followed by the rocks utilizing phase relationships between coexisting 
minerals, mineral chemistry, and geothermometric calculations, will be the subject of further 
research. 
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Table 1. Mineral assemblages from the Bon Ton deposit. 
Sample Ged Ms Bt Phl Qtz Sil And Crd Grt Gah Pl Chl Sc Chu Zm Ap Rt Mag Hem Ilm Py Ccp Po S2 Cv 
99C0-22 X XXX XXX XX XXX X XX X1 X X X X 
99C0-23 XXX XXX X xx xx xx x1 xx X X X X X 
99C0-24 xx XXX XXX XXX xx x1 X X X X 
99C0-26 xx X XXX x1 X X XX X 
99C0-27 X XXX XXX XXX xx? ? X X 
99C0-27-2 X XXX X X XXX x1 X X X X XXX 
99C0-28 X X X XXX x1 X X X XX X 
Table 2. Mineral assemblages from the Cinderella deposit. 
Sample Tr Act Ath Cum Ms Phl Bt Qtz Px 01 Sil Crd Grt Gah Pl Kfs Chl Sc Srp Aln Ep Chu Cm Zm Py Ccp Sp 
99CO-l XXX XXX X 
99C0-2 xx X X XXX X X 
99C0-3 xx X X XXX XXX ? X 
99C0-4 XXX xx XX X X X X X 
99C0-5 xx XXX X X xx xx xx X 
99C0-6 XXX xx XXX X x? 
99C0-7 x x? X XXX X X XXX X X? X X X X 
99C0-7Bx X xx X x? 
99C0-8 X xx X X xx xx X X 
99C0-9 XXX XXX X X X X X 
99CO- l O xxx? XXX XXX X X X 
99CO-l l X X X X X X x? X 




Table 3. Mineral assemblages from the Sedalia deposit. 
Sample Tr Act Ged Cum Hbl Bt Ms Qtz Sil Crd St Grt Gah Pl Chl Sc Spn Ep Aln Zm Ap Mag Hem Ilm Py Ccp Po Sp Gn Cv 
99CO-37 x? XXX x? XXX x x x x x 
99CO-38 XXX XX XX X X X X X X 
99CO-39 XXX XX X X X X 
99CO-40 X X X X 
99CO-42 XXX xx XX X XX X X X X X X 
99CO-43 XXX X XXX XXX X X X X Xx? 
99CO-44 XXX xx xx xx XX X x? 
99CO-45 XXX X XXX xx X X 
99CO-46 XXX xx X 
US9927 X X X X X X X X X 
Table 4. Mineral assemblages from the Ace High deposit. 
Sample Ath/Ged Cum Ms Phl Qtz 01 Sil Gah Pl Kfs Chl Sc Rt Aln Ep Tour Chu Zm Ap Cal Ccp 
AHCO-112 XX XXX X X XXX xx X X X X x1 x? X 
AHCO-113 xx XXX XXX xx X X X X X 
AHCO-114 X XXX X XX 
AHCO-115 XXX X xx X X X xx 
AHCO-116 XXX X? X X XXX 
AHCO-117 xx xx? x xx X x? 
AHCO-119 XXX XXX XXXXXX X X X 
AHCO-120 x?2 X XXX XXX xx X XX? X X X XX 
AHCO-121 XXX X XXX XXXXXXXX X X X X 
AHCO-122 X XXX xx XXXXXX X X X XX 
AHCO-123 xx xx XXX X xx 
1 fluor-apatite; 2 relict w 
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Table 5. Mineral assemblages from the Independence deposit. 
Samele Ath Cum Hbl Phi Bt Qtz Sil Crd St Grt Gab Pl Chi Sc Zm A~ Mnz Aln Rt Mag Ilm Py Cce Po Se Cv Mo 
AHCO-125 XXX xx XXX xx X X X 
AHCO-128 XXX X? XXX XXX X X X x? X 
AHCO-129 XXX XXX XXX xx X X x1 XX X XX X 
AHCO-130 XXX xx XXX X XX X? 
AHCO-131 xx X XXX xx X X xx XX X 
AHCO-133 X XXX X xx X X x? X X X X 
AHCO-134 X XXX X XXX X XXX X XX X X X X X X x? 
AHCO-136 XXX XXX xx X X X xx X 
AHCO-137 XXX XXX X XXX X X x1 xx X 
AHCO-138 X XXX X XXX X XXX X XX X X X X X x x?x? 




Table 6. Mineral assemblages from the Betty deposit. 
Sample Ath Ged Cum Hbl Phi Bt Qtz Px 01 Sil Crd Grt St Gah Pl Chi Sc Srp Aln Mnz Chu Cm Zm A:2 Cal Rt Mag Hem Ilm Py Cce Po S_Q Gn Cv 
99CO-85 XXX XX X X X X X 
99CO-86 XXX X X X X X XXX X X 
99CO-87 XXX X X X XXX X XXX X X X X X X X 
99CO-88 xx xx X X X xx X X X X 
99CO-89 XXX XXX X X 
99CO-90 XXX x? xx xx xx X X X X X X X X 
99CO-91 XXX X XX X X X X XX X X X X 
99CO-92 XXX xx XXX X xx X X X 
99CO-93 XXX X X X X X X X X 
99CO-94 XXX x1 xx X X X X X X 
99CO-96 XXX xx X X xx X X X X 
99CO-97 XXX XXX X X X XX X 
G9914B lB XXX xx XXX XXX X X X 
G9914B1C xx XXX XXX X XX XX XX X 
G9914AIA xx xx XXX X XX XXX X X X X x? X X? 
G9914AIB XXX X X XXX xx X XX X 




Table 7. Mineral assemblages from the Green Mountain deposit. 
Sam_ele Ath Ged Cum Hbl Phl Bt Qtz Px Sil Grt Gah Pl Chl Sc Aln Ep Mnz Zm Ap Rt Cal Mag Hem Ilm Py Cce Po Se Mc 
AHCO-10 xx x:xx X1 XXX XXX X X 
AHCO-11 XXX XXX XXX X X xx X X X X 
AHCO-12 X XXX X x? xx X X 
AHCO-15 xxxxx XXX xx X X 
AHCO-18A X XXX X xx xx X x? X X X X X X xx X XX X 
AHCO-24 xxxxx xx xx X X 
AHCO-26A XXX xx XXX X X xx2 xx X X 
AHCO-30 XXX xx XXX xx X X X XX X xx X 
AHCO-32 xxxxx X3 XXX xx x? X X X 
AHCO-33 XXX XXX XXX X X X X X 
AHCO-34 xxx:xx x4 xx X X X X X 




Table 8. Mineral assemblages from the Cotopaxi deposit. 
Sample Act Ath Cum Hbl Phi Bt Qtz Px 01 Sil Crd Grt Gah Pl Kfs Chi Sc Srp EE Mnz SEn Rt Chu Mag Hem Ilm Cal Zm AE P~ CcE Po SE Gn Cv Mo 
99CO12 XXX XXX XXX 
99CO14 X XXX X X 
99CO15 XXX XXX xx X X 
99CO16 X X X X X X 
99CO18A X XXX X XXX 
99CO18B X XXX X X 
99CO20 xx X xx 
99CO21 X X X X x? 
99CO66 XXX XXX xx X 
99CO69 XXX X 
99CO70 xx xx XXX XXX X 
99CO71 xx XXX X X 
99CO72 X XXX XXX X 
99CO73 X XXX xx X 
99CO74 XXX XXX X 
99CO75 XXX XXX X 
99CO76 X x? XXX X X X X 
99CO77 XXX xx xx XXX 
99CO78 XXX xx xx X X x? X X 
US9977 XXX XXX 






X X X 
XXX X X X X 
X X 
X X X 
XXX X X X XXX 
x? X X 
xx X X 
X X X 
X x? xx 
X X 
X 
X XXX X xx 
x? X X X 
X X X X 
x? XXX X X XX X 
x? XXX X XXX X 
X X X X 
X xx xx xx 
X X XXX XXX 
X 










Table 9. Mineral assemblages from the Marion deposit. 
Samele Tr Act Cum Hbl Phl Bt Qtz Px 01 Sil Crd Sel Ser Chu Pl Sc Chl Srp Aln Sen Zm Ae Rt Cm Cal Mag Ilm Mrc P~ Cce Po Se Gn Mo 
AHCO-87 XXX XXXXXX X XX X xx X X XX 
AHCO-88 xx XX XXX x1 XXX XX X X X X X X X X X X X 
AHCO-91A XXX xx xx X XXX X X X X X X XX X 
AHCO-92 XXX xxx2 X X X X XXX XXXXXX 
AHCO-93 x3 X XXX XXX X X X XXX xx 
AHCO-94 XXX x? X X X X X X X XX XXX 
AHCO-95 XXX xx xx2 X XX X X X X X X XXX X 
AHCO-98 xx3 X xx XXX X X X X X XXX X 
AHCO-101 xxx3 xx xx XXX X X xx 
AHCO-102 XXX X XXX xx X xx X X X XX X X X 
AHCO-105 XXX XXX X xx XXX X XXX X XXX 
AHCO-106 XXX XXX x x xx x XXX x XXX xx 
1 tiny inclusions in phlogopite; 2 diopside; 3 forsterite; samples AHCO-92, 93, 94, 95, 98, 102, 105, and 106= ore 
Table 10. Mineral assemblages from the Amethyst deposit. 
Sample Ged Phl 01 Sil Crd Spl Spr Chu Pl Chl Sc Srp Ep Zm Ap Rt Cm Cal Mag Py Ccp Po Sp Gn 
AHCO-53 XXX XX XXX XX XX X XX X X X X 
AHCO-54 XXX XXX X X X XXX X XX 
AHCO-56 xx xx XXX XX XX xx X X X X X X 
AHCO-57 XXX x? XXX xx XX X 
AHCO-58 XXX X XXX XXX X XX X XX X 
AHCO-65 XXX xx XXX XX XX xx X X X X X X X 
AHCO-71 X X XXX XXX X X X XX XX 




Table 11 . Mineral assemblages from the unnamed prospect (near Marion deposit). 
Sample Ath Ged Cum Phi Qtz En Sil Crd Sel Ser Chu Pl Kfs Ep Zrn Mnz Ae Rt Mag Hem Ilm Cal Py Cce Po Se Gn Cv 
AHCO-74 xx xx xx x1 X XXX XX X 
AHCO-75 xx xx XXX X2 XXX X X X X X 
AHCO-76 xx X XXX X XXX XX X X X X X X X 
AHCO-77 XXX X XXX x3 XX XXX X X X X X X X X 
AHCO-78 xx X XX X X XXX X X X X X X X 
AHCO-79 xx X XXX X XXXXXX X X X X X X 
AHCO-80 xx xx xx X X XXXXXX X x? X X X X X X 
AHCO-81 xx xx xx? x X XXX X X X X X X X X X 
AHCO-82xxx xx X XXXXXX X X X X X X X 
AHCO-83 XXX X X XXX X X X X X X X X 
1 inclusions in sapphirine and spinel; 2 inclusions in spinel; 3 inclusions in cordierite and spinel 
Table 12. Mineral assemblages from Evergreen. 
Sample Ged Crd Grt He Sil St Qtz Pl Phi Chi Sc Cm Hog Zrn Ap Cal Mag Hem Ilm Py Ccp Po Sp Gn 
99CO-64 XXX XX X X X X X X X X X X X X 
99CO-64B xx xx X X X X X X X X X X 
99CO-65A XXX XX X X X X X X X X X X 
99CO-65B XXX XX X X X X X X , X X X 
AHCO-5 xx xx X X X X X X X X 
AHCO-6 XX XX XX X X X X X X X X X X 
AHCO-7 XXX XX X X X X X X X X X X 
99CO-63 XX XX XXX X X X X X X X X X X X 
AHCO-3 X X X X X X X X 
...... 
.,1:::,. ...... 
Table 13. Mineral assemblages from the Caprock deposit. 
Sample Act Ath Cum Ms Phl Qtz 01 Sil Grt1 Gah Pl Chl Sc Rt Spn Aln Ep Mnz Mag Cal Zm AQ Py Cc2 
AHCO-151 xx X XXX XXX XX X X X X X 
AHCO-152 XXX xx X xx 
AHCO-153 X XXX XXX XXX XX X 
AHCO-154 xx XXX XXX XXX X X XXX 
AHCO-158 xx xx X XXX X XXX xx X X X 
AHCO-160 xx xx XXX XXX XX X X 
AHCO-162 xxxxxx xx2 xx xx X X 
AHCO-163 XXX x2 xx xx xx XXX X X X 
AHCO-166 xx X X2 XXX XXX XX X X x? X X 
1 almandine; 2 inclusions in phlogopite 
Explanation: 
xxx major constituent(> 10%); xx minor constituent (1-10%); x trace constituent (<l %); 1 secondary; ? uncertain if present 
Abbreviations: 
Act- actinolite; Aln- allanite; And- andalusite; Ath anthophyllite; Ap- apatite; Bt- biotite; Cal- calcite; Chl- chlorite; Ccp-
chalcopyrite; Chu- clinohumite; Crd- cordierite; Cum- cummingtonite; Cv- covellite; En- enstatite; Ep- e pidote; Gah- g ahnite; 
Ged- gedrite; G n- galena; G rt- garnet; H bl- h omblende; Hem-hematite; H c- h ercynite; Hog- h ogbomite; Ilm- ilmenite; Mag-
magnetite; Mnz- monazite; Mo- molybdenite; Mrc- marcasite; Ms- muscovite; 01- olivine; Phl- phlogopite; Pl- plagioclase; Po-
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Figure 1. Zn-Mg-Fe ternary diagrams of spinels in or associated with metamorphosed 
massive sulfide deposits in Colorado from: a. Bon Ton. b. Cinderella. c. Sedalia. d. Ace 
High. e. Independence. f. Betty. g. Green Mountain. h. Cotopaxi. i. Marion. j. Amethyst. k. 
Unnamed prospect. 1. Caprock. m. Evergreen. 
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BON TON DEPOSIT 
Table 1. Chemical compositions of spine) from the Bon Ton deposit. 
Mineral Gahnite 
Wt. % 99CO23 99CO22 
Si02 0.33 0.23 0.23 0.24 0.31 0.50 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 57.84 56.29 55 .96 56.62 55 .65 57.59 
Cr203 --- 0.00 0.00 
FeO 8.88 8.39 8.23 13.67 13.58 13.77 
MnO 0.31 0.21 0.23 0.05 0.00 0.10 
ZnO 32.97 32.64 31.80 29.07 29.53 27.70 
MgO 1.33 1.42 1.51 1.24 1.29 1.31 
CaO 0.00 0.00 0.00 0.01 0.00 0.00 
Na20 0.01 0.08 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.02 0.04 0.08 
F 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.10 0.08 0.07 0.00 0.00 0.00 
Total 101.78 99.35 98.03 100.91 100.42 101.06 
Atomic proportions based on 4 atoms of oxygen 
Si 0.010 0.007 0.007 0.007 0.009 0.015 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.991 1.988 1.995 1.972 1.956 1.984 
Cr --- --- 0.000 0.000 
Fe 0.217 0.210 0.208 0.338 0.339 0.337 
Mn 0.008 0.005 0.006 0.001 0.000 0.002 
Zn 0.711 0.722 0.710 0.634 0.650 0.598 
Mg 0.058 0.064 0.068 0.055 0.057 0.057 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.001 0.004 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.001 0.002 0.003 
F+Cl 0.005 0.004 0.003 0.000 0.000 0.000 ....... 
Total 3.001 3.004 2.997 3.008 3.013 2.996 
.,I::::. 
\0 
Table 2. Chemical compositions of plagioclase and sillimanite from the Bon Ton deposit. 
Mineral Andesine Sillimanite 
Wt. % 99CO22 
Si02 57.78 59.12 58.18 58.42 59.89 58.36 35.52 37.12 36.51 36.56 
Ti02 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Al203 27.89 26.80 26.51 26.34 26.78 26.49 62.82 62.20 60.46 60.02 
Cr203 --- --- --- --- --- --- 0.05 0.00 0.01 
FeO 0.00 0.01 0.00 0.00 0.00 0.00 0.48 0.21 0.60 0.91 
MnO 0.02 0.00 0.03 0.02 0.01 0.00 0.01 0.04 0.00 0.00 
ZnO 0.00 0.12 0.04 0.00 0.05 0.00 0.00 0.05 0.08 0.17 
MgO 0.02 0.00 0.03 0.01 0.03 0.00 0.00 0.05 0.17 0.10 
CaO 8.84 7.98 8.72 8.04 8.32 8.07 0.02 0 .01 0.08 0.00 
Na20 5.82 6.40 6.00 7.34 6.70 6.34 0.00 0.49 0.92 0.46 
K20 0.03 0.05 0.03 0.07 0.08 0.08 0.00 0 .18 0.98 0.52 
F 0.00 0.32 0.14 0.00 0.00 0.00 0.00 0.00 0.13 0.38 I 
Cl 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.02 0.00 
Total 100.42 100.80 99.68 100.24 101.87 99.34 98.86 100.39 99.93 99.13 
Oxygens 32 20 
Si 10.347 10.560 10.508 10.432 10.491 10.469 3.892 4.009 4.005 4.039 
Ti 0.002 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Al 5.717 5.479 5.479 5.543 5.529 5.600 8.112 7.918 7.817 7.814 
Cr --- --- --- --- --- --- 0.004 0.000 0.001 
Fe 0.000 0.002 0.000 0.000 0.000 0.000 0.044 0.019 0.055 0.084 
Mn 0.004 0.000 0.005 0.002 0.002 0.000 0.001 0.004 0.000 0.000 
Zn 0.000 0.016 0.005 0.000 0.005 0.000 0.000 0.004 0.006 0.014 
Mg 0.005 0.000 0.007 1.778 0.009 0.000 0.000 0.008 0.027 0.016 
Ca 1.700 1.529 1.691 1.538 1.561 1.552 0.002 0.001 0.009 0.000 
Na 2.025 2.220 2.107 2.540 2.274 2.204 0.000 0.103 0.195 0.099 
K 0.007 0.011 0.007 0.016 0.020 0.018 0.000 0.024 0.136 0.073 
F+CI 0.000 0.182 0.082 0.005 0.005 0.000 0.002 0.002 0.048 0.133 
Vl 
Total 19.806 19.998 19.892 21.852 19.893 19.844 12.054 12.096 12.298 12.273 0 
Table 3. Chemical compositions of garnet and chlorite from the Bon Ton deposit. 
Mineral Almandine-Spessartine Almandine Chlorite 
Wt.% 99CO23 99CO22 99CO26 
Si02 37.59 37.28 35.92 36.11 36.23 21.25 22.93 22.95 
Ti02 0.02 0.00 0.00 0.00 0.03 0.00 0.02 0.04 
Al203 21.41 19.59 21.53 20.13 20.69 26.02 25 .19 23.94 
Cr203 --- --- --- 0.00 
FeO 23.87 31.85 31.93 32.34 33.98 30.78 30.28 29.74 
MnO 12.08 6.37 6.37 6.76 6.86 0.73 0.75 0.82 
ZnO 0.06 0.00 0.10 0.00 0.00 0.24 0.44 0.13 
MgO 3.02 1.40 2.51 1.67 1.68 7.10 9.03 9.38 
CaO 1.95 1.49 1.34 1.52 1.42 0.03 0.09 0.01 
Na20 0.00 0.00 0.04 0.05 0.04 0.00 0.01 0.00 
K20 0.08 0.01 0.45 0.00 0.01 0.02 0.01 0.00 
F 0.00 0.00 0.00 0.00 0.00 0.62 0.00 0.03 
Cl 0.15 0.02 0.00 0.00 0.00 0.10 0.13 0.10 
Total 100.24 98.01 100.19 98.56 100.94 86.88 88.87 87.14 
Oxygens 24 14 
Si 6.018 6.173 5.842 5.988 5.899 2.368 2.464 2.512 
Ti 0.000 0.000 0.000 0.000 0.004 0.000 0.002 0.003 
Al 4.038 3.824 4.127 3.933 3.970 3.416 3.190 3.088 
Cr --- --- --- --- 0.000 2.868 2.721 2.722 
Fe 3.198 4.411 4.342 4.485 4.628 0.069 0.068 0.076 
Mn 1.638 0.894 0.877 0.949 0.947 0.020 0.035 0.011 
Zn 0.006 0.000 0.011 0.000 0.000 1.179 1.447 1.530 
Mg 0.72 0.346 0.608 0.412 0.409 0.003 0.010 0.001 
Ca 0.336 0.265 0.234 0.270 0.248 0.000 0.003 0.000 
Na 0 0.000 0.012 0.016 0.013 0.003 0.002 0.000 
K 0.018 0.001 0.094 0.000 0.002 0.237 0.023 0.029 
F+CI 0.021 0.004 0.001 0.000 0.000 10.163 9.965 9.972 ....... 
Total 16.014 15.918 16.148 16.053 16.120 10.163 9.965 
Vl 
9.972 ....... 
Table 4. Chemical compositions of mica from the Bon Ton deposit. 
Mineral Phlogopite Biotite 
Wt. % 99CO23 99CO28 99CO26 99CO22 
Si02 38.30 37.63 34.92 37.98 38.15 37.30 36.05 36.76 35.26 34.83 35 .20 34.27 34.51 34.45 
Ti02 0.52 0.47 0.90 0.52 0.48 1.26 1.26 0.88 0.90 0.75 0.71 0.69 0.70 0.69 
A(i03 20.14 20.77 20.70 20.43 19.43 17.39 20.14 20.27 20.53 18.85 19.85 20.38 20.42 19.75 
Cr203 --- --- --- --- --- --- --- --- --- 0.00 0.00 0.02 0.03 
FeO 15.74 16.58 18.42 15.84 15.83 14.58 15.67 14.68 14.95 17.29 20.88 21.31 21.23 22.07 
MnO 0.29 0.36 0.37 0.34 0.30 0.43 0.47 0.34 0.38 0.24 0.26 0.13 0.16 0.13 
ZnO 0.17 0.09 0.00 0.10 0.28 0.05 0.05 0.07 0.24 0.30 0.38 0.23 0.06 0.04 
MgO 13.22 12.29 12.26 12.69 12.34 13.93 11.92 13.57 12.32 13.04 8.73 8.90 8.78 8.92 
CaO 0.00 0.00 0.02 0.00 0.08 0.00 0.02 0.05 0.11 0.12 0.08 0.02 0.04 0.04 
Na20 0.21 0.11 0.23 0.15 0.58 0.30 0.24 0.17 0.21 0.08 0.26 0.31 0.31 0.30 
K20 7.45 7.52 7.48 7.76 7.39 9.57 9.72 9.75 9.47 8.21 8.76 9.22 9.50 9.71 
F 1.84 1.52 1.30 0.95 0.73 1.16 0.51 0.00 1.68 1.22 0.53 0.76 0.59 0.64 
CI 0.10 0.11 0.08 0.11 0.44 0.10 0.11 0.10 0.09 0.12 0.05 0.06 0.03 0.03 
Total 97 .97 97.44 96.69 96.88 96.02 96.07 96.15 96.64 96.12 95.05 95 .67 96.26 96.35 96.80 
Atomic proportions based on 22 atoms of oxygen 
Si 5.574 5.514 5.233 5.552 5.639 5.582 5.382 5.393 5.317 5.326 5.398 5.266 5.287 5.289 
Ti 0.057 0.052 0.102 0.057 0.053 0.142 0.141 0.097 0.102 0.086 0.082 0.079 0.081 0.080 
Al 3.453 3.586 3.657 3.521 3.385 3.068 3.544 3.504 3.649 3.397 3.588 3.692 3.686 3.573 
Cr --- --- --- --- --- --- --- 0.000 0.000 0.002 0.004 
Fe 1.915 2.032 2.308 1.936 1.958 1.824 1.956 1.801 1.886 2.211 2.678 2.739 2.720 2.834 
Mn 0.036 0.045 0.047 0.042 0.038 0.054 0.059 0.042 0.048 0.031 0.033 0.016 0.020 0.017 
Zn 0.018 0.010 0.000 0.011 0.030 0.005 0.006 0.008 0.026 0.034 0.043 0.026 0.007 0.005 
Mg 2.868 2.685 2.739 2.765 2.720 3.108 2.653 2.968 2.770 2.973 1.996 2.038 2.004 2.040 
Ca 0.000 0.000 0.003 0.000 0.012 0.000 0.004 0.007 0.017 0.020 0.013 0.003 0.006 0.007 
Na 0.058 0.031 0.067 0.043 0.166 0.088 0.071 0.048 0.060 0.022 0.076 0.092 0.091 0.088 
K 1.383 1.406 1.429 1.448 1.393 1.827 1.850 1.825 1.822 1.601 1.713 1.807 1.857 1.901 
F+CI 0.869 0.731 0.638 0.464 0.454 0.573 0.267 0.025 0.821 0.62 0.268 0.384 0.293 0.319 ....... 





Table 1. Chemical compositions of spinel from the Cinderella deposit. 
Mineral Mg-rich gahnite Gahnite 
Wt. % 99CO8 99CO3 99CO2 Wt.% US77B 
SiO2 0.12 0.16 0.14 0.03 0.14 0.00 0.09 0.12 0.09 0.03 0.14 SiO2 < 0.04 0.08 0.05 
TiO2 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.01 TiO2 < 0.01 < 0.01 <0.01 
Al2O3 61.07 61.28 60.12 61.65 61.87 62.13 61.53 61.15 60.56 63.02 62.43 A(zO3 57.78 57.41 58.00 
Cr2O3 --- --- --- --- --- --- --- --- --- --- Cr2O3 < 0.01 < 0.01 <0.01 
FeO 5.64 5.90 5.74 6.25 5.37 5.68 6.02 5.88 6.18 6.19 5.94 FeO 7.23 7.08 8.04 
MnO 0.30 0.44 0.28 0.26 0.21 0.29 0.30 0.29 0.50 0.43 0.44 MnO 0.84 0.78 0.88 
ZnO 20.41 19.47 19.70 20.58 19.88 19.57 19.88 19.68 19.57 17.96 19.60 ZnO 30.79 31.68 29.99 
MgO 12.72 13.49 13.22 12.38 13.44 13.56 13.60 13.80 11.74 8.94 11.42 MgO 3.10 3.06 3.26 
CaO 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 V2O3 < 0.01 < 0.01 <0.01 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.04 1.51 0.00 
K2O 0.00 0.06 0.01 0.03 0.05 0.08 0.05 0.04 0.02 0.01 0.01 
F 0.00 0.24 0.07 0.06 0.00 0.00 0.00 0.43 0.00 0.55 0.57 
Cl 0.03 0.04 0.04 0.07 0.04 0.06 0.06 0.05 0.21 0.07 0.09 
Total 100.31 101.09 99.32 101.35 101.01 101.38 101.53 101.44 99.91 98.72 100.65 Total 99.74 100.09 100.22 
Atomic proportions based on 4 atoms of oxygen 
Si 0.003 0.004 0.004 0.001 0.004 0.000 0.003 0.003 0.002 0.001 0.004 Si 0.000 0.003 0.002 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Ti 0.000 0.000 0.000 
Al 1.956 1.946 1.943 1.961 1.956 1.958 1.944 1.940 1.958 2.048 1.995 Al 1.999 1.987 1.994 
Cr --- --- --- --- --- --- --- --- --- --- --- Cr 0.000 0.000 0.000 
Fe 0.128 0.133 0.132 0.141 0.121 0.127 0.135 0.132 0.142 0.143 0.135 Fe 0.178 0.174 0.196 
Mn 0.007 0.010 0.007 0.006 0.005 0.007 0.007 0.007 0.012 0.010 0.010 Mn 0.021 0.019 0.022 
Zn 0.409 0.387 0.399 0.410 0.394 0.386 0.393 0.391 0.396 0.366 0.392 Zn 0.668 0.687 0.646 
Mg 0.515 0.542 0.540 0.498 0.538 0.540 0.544 0.554 0.480 0.367 0.462 Mg 0.136 0.134 0.142 
Ca 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 V 0.000 0.000 0.000 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.055 0.081 0.000 
K 0.000 0.002 0.000 0.001 0.002 0.003 0.002 0.001 0.001 0.000 0.000 
F+CI 0.002 0.022 0.0073 0.0083 0.002 0.003 0.003 0.039 0.01 0.051 0.053 --- --- --- 1--' Vi 
Total 3.021 3.046 3.032 3.027 3.022 3.024 3.031 3.067 3.056 3.067 3.051 Total 3.001 3.004 3.001 
Table 2. Chemical compositions of garnet and phlogopite from the Cinderella deposit. 
Mineral Spessartine-almandine Phlogoeite 
Wt.% 99CO1 99CO4 99C04 US-77B 
Si02 34.72 35.65 35.87 38.59 36.69 37.01 39.34 37.14 37.09 
Ti02 0.01 0.03 0.03 0.02 0.00 0.01 0.40 0.32 1.58 
A)i03 20.32 20.28 20.57 18.72 19.49 19.80 20.81 23.12 19.68 
Cr203 --- --- --- --- --- --- --- <0.07 
FeO 8.04 8.06 11.24 10.21 10.81 10.89 6.78 6.64 10.72 
MnO 27.57 27.32 26.81 25.39 25.26 25.67 0.62 0.60 0.61 
ZnO 0.00 0.21 0.00 0.04 0.00 0.00 0.21 0.24 
MgO 1.32 1.21 3.46 4.26 4.42 3.99 18.34 17.73 14.88 
CaO 7.40 7.04 2.06 1.88 2.19 2.28 0.00 0.00 0.12 
Na20 0.03 0.02 0.00 0.00 0.00 0.00 0.17 0.16 <0.12 
K20 0.02 0.00 0.03 0.05 0.02 0.01 9.76 9.94 10.64 
F 0.00 0.00 0.6 1 1.20 0.00 0.05 0.17 0.64 1.08 
Cl 0.07 0.07 0.06 0.05 0.02 0.06 0.09 0.07 0.04 
Total 99.50 99.89 100.75 100.41 98.90 99.77 96.68 96.61 95.62 
Oxygens 12 22 
Si 2.865 2.918 2.916 3.113 2.991 2.995 5.542 5.277 5.435 
Ti 0.001 0.002 0.002 0.001 0.000 0.001 0.043 0.034 0.184 
Al 1.977 1.956 1.970 1.779 1.872 1.888 3.456 3.873 3.383 
Cr 
Fe 0.555 0.552 0.764 0.689 0.737 0.737 0.799 0.789 1.322 
Mn 1.927 1.894 1.846 1.735 1.744 1.760 0.073 0.073 0.076 
Zn 0.000 0.013 0.000 0.002 0.000 0.000 0.022 0.025 
Mg 0.163 0.147 0.419 0.512 0.537 0.481 3.852 3.757 3.270 
Ca 0.655 0.618 0.180 0.162 0.191 0.198 0.000 0.001 0.019 
Na 0.004 0.004 0.000 0.000 0.000 0.000 0.048 0.043 0.000 
K 0.003 0.000 0.004 0.005 0.002 0.001 1.753 1.802 2.001 
F+Cl 0.010 0.009 0.167 0.312 0.002 0.022 0.096 0.305 
Total 8.160 8.113 5.352 5.197 5.085 5.088 15.706 15.997 15.690 
Ul 
Ul 
Table 3. Chemical compositions of amphiboles, feldspar, and chlorite from the Cinderella deposit. 
Mineral Actinolite Antho2h~llite Tremolite Albite K-felds2ar Chlorite 
Wt.% 99CO1 99CO3 99CO2 99CO5 99CO3 99CO2 99CO4 
Si02 52.97 54.91 57.20 58.88 58.30 57.45 57.58 63.21 60.11 30.30 30.96 30.03 29.40 30.67 
Ti02 0.18 0.16 0.03 0.02 0.04 0.06 0.07 0.00 0.02 0.06 0.06 0.06 0.07 0.03 
A)z03 4.37 3.73 1.28 1.26 1.24 1.45 0.86 19.29 20.27 17.70 18.74 22.24 23.10 22.10 
FeO 6.98 7.04 6.69 6.58 2.55 2.16 2.24 0.03 0.20 3.14 3.08 3.18 3.03 6.37 
MnO 1.62 1.83 1.70 1.45 1.22 1.12 1.07 0.00 0.00 0.10 0.13 0.15 0.19 1.13 
ZnO 0.46 0.35 0.17 0.13 0.05 0.04 0.06 0.28 0.97 0.15 0.09 0.04 0.13 0.76 
MgO 18.75 19.30 29.99 30.83 24.13 23.97 24.47 0.00 0.09 32.91 33.43 32.00 30.60 25.62 
CaO 11.98 11.68 0.62 0.50 10.79 11.19 11.69 0.22 0.14 0.01 0.01 0.00 0.04 0.11 
NazO 0.39 0.37 0.11 0.10 0.12 0.11 0.12 6.27 0.81 0.00 0.03 0.00 0.00 0.01 
K20 0.20 0.17 0.07 0.04 0.03 0.05 0.04 1.82 14.14 0.00 0.00 0.03 0.25 0.79 
F 0.30 0.00 0.00 0.00 0.59 0.24 0.79 0.40 0.55 0.74 0.13 0.03 0.91 0.00 
Cl 0.07 0.03 0.05 0.04 0.03 0.03 0.06 0.08 0.10 0.08 0.02 0.04 0.11 0.05 
Total 98.27 99.57 97.91 99.84 99.09 97.86 99.04 91.60 97.39 85.19 86.68 87.81 87.84 87.66 
Oxygens 23 32 14 
Si 7.484 7.604 7.767 7.807 7.900 7.856 7.848 9.619 9.210 2.948 2.933 2.802 2.775 2.937 
Ti 0.019 0.017 0.003 0.002 0.004 0.006 0.007 0.000 0.000 0.004 0.004 0.004 0.005 0.003 
Al 0.729 0.609 0.204 0.197 0.198 0.233 0.139 3.456 3.661 2.030 2.093 2.446 2.569 2.495 
Fe 0.825 0.815 0.760 0.729 0.289 0.248 0.255 0.006 0.026 0.256 0.244 0.248 0.239 0.510 
Mn 0.194 0.215 0.195 0.162 0.140 0.130 0.123 0.000 0.000 0.008 0.011 0.012 0.015 0.092 
Zn 0.048 0.036 0.017 0.013 0.005 0.005 0.006 0.032 0.109 0.011 0.006 0.003 0.009 0.053 
Mg 3.949 3.983 6.070 6.094 4.875 4.886 4.972 0.000 0.019 4.774 4.722 4.452 4.305 3.660 
Ca 1.813 1.732 0.090 0.071 1.566 1.640 1.707 0.038 0.026 0.001 0.001 0.000 0.004 0.011 
Na 0.107 0.100 0.030 0.025 0.032 0.028 0.031 1.850 0.237 0.000 0.005 0.000 0.000 0.003 
K 0.037 0.031 0.012 0.007 0.006 0.008 0.007 0.352 2.765 0.001 0.000 0.003 0.031 0.095 ....... Vl 
F+CI 0.152 0.006 0.013 0.008 0.260 0.110 0.353 0.211 0.294 0.242 0.042 0.014 0.289 0.008 0\ 
Total 15.357 15.148 15.161 15.115 15.275 15.150 15.448 15.565 16.346 10.275 10.061 9.984 10.241 9.867 
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SEDALIA DEPOSIT 
Table 1. Chemical compositions of spinel from the Sedalia deposit. 
Mineral Gahnite Staurolite 
Wt.% 99CO39 99CO42 99CO38 99CO42 
Si02 0.19 0.00 0.00 0.12 0.00 0.00 0.01 0.06 0.00 0.00 26.71 26.32 26.38 26.94 
Ti02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.44 0.46 0.41 0.45 
AJi03 54.65 56.26 57.42 57.48 56.75 57.62 56.82 57.78 56.58 56.38 53.99 53.88 52.40 53.23 
Cr203 0.06 0.03 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.01 0.05 0.00 0.00 
FeO 9.46 19.11 19.78 19.05 19.68 14.53 19.96 20.15 20.08 21.28 12.01 12.26 12.79 12.32 
MnO 0.00 0.00 0.05 0.00 0.00 0.04 0.09 0.03 0.00 0.08 0.02 0.01 0.00 0.00 
ZnO 31.31 21.91 21.47 21.51 22.11 26.11 19.24 19.44 19.23 18.27 3.64 4.02 3.68 3.65 
MgO 1.94 2.28 2.23 2.07 2.28 3.29 3.49 3.55 3.63 3.72 1.77 1.84 1.82 1.88 
CaO 0.03 0.04 0.06 0.06 0.04 0.00 0.01 0.02 0.01 0.00 0.03 0.00 0.00 0.03 
Na20 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 
F 0.56 0.11 0.00 0.00 0.00 0.11 0.00 0.06 0.16 0.00 0.06 0.06 0.00 0.00 
Cl 0.08 0.00 0.02 0.00 0.00 0.02 0.00 0.01 0.00 0.02 0.01 0.02 0.03 0.01 
Total 98.42 99.73 101.03 100.28 1 00. 8 7 1 0 1. 72 99.62 101.15 99.71 99.76 98.70 98.91 97.50 98.51 
Oxygens 4 48 
Si 0.006 0.000 0.000 0.004 0.000 0.000 0.000 0.002 0.000 0.000 7.771 7.675 7.809 7.862 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.097 0.102 0.090 0.099 
Al 1.964 1.963 1.971 1.981 1.959 1.965 1.960 1.961 1.955 1.946 18.516 18. 51 7 18. 2 84 18.307 
Cr 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.002 0.011 0.000 0.000 
Fe 0.241 0.473 0.482 0.466 0.482 0.352 0.489 0.485 0.492 0.521 2.923 2.989 3.168 3.008 
Mn 0.000 0.000 0.001 0.000 0.000 0.001 0.002 0.001 0.000 0.002 0.005 0.002 0.000 0.000 
Zn 0.705 0.479 0.462 0.464 0.478 0.558 0.416 0.413 0.416 0.395 0.783 0.865 0.804 0.786 
Mg 0.088 0.101 0.097 0.090 0.099 0.142 0.152 0.152 0.159 0.162 0.766 0.798 0.803 0.816 
Ca 0.001 0.001 0.002 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.008 
Na 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 
F+CI 0.058 0.01 0.001 0.000 0.000 0.011 0.000 0.005 0.015 0.001 0.065 0.068 0.013 0.004 VI 00 
Total 3.072 3.028 3.016 3.007 3.019 3.029 3.019 3.020 3.037 3.027 30.940 31.027 30.974 30.890 
Table 2. Chemical compositions of garnet and chlorite from the Sedalia deposit. 
Mineral Almandine Chlorite 
Wt. % 99CO42 99CO38 
Si02 37.62 35 .98 36.37 29.66 25.34 24.75 24.25 
Ti02 0.02 0.00 0 .02 0.00 0.05 0.06 0 .06 
Alz03 20 .05 21.08 21.46 28.01 23 .13 22.36 22.88 
Cr203 0.00 0.04 0 .00 0 .00 0.00 0.00 0.05 
FeO 3 7 .11 38 .56 38.72 20 .71 19.79 19.14 19.59 
MnO 0 .18 0.26 0 .28 0.00 0.07 0.10 0.02 
ZnO 0.06 0.06 0 .00 0 .22 0.11 0.44 0 .15 
MgO 3.21 3.05 3.16 12.74 17.95 18.24 18.43 
CaO 0.79 0.79 0 .86 0.00 0.00 0.00 0.02 
Na20 0 .02 0.00 0 .03 0.00 0.01 0.00 0.00 
K20 0.01 0.00 0.00 0.00 0 .00 0 .01 0.00 
F 0.00 0 .00 0.00 0.60 0.53 0 .54 0.60 
Cl 0.02 0 .00 0 .00 0 .02 0.02 0.03 0.04 
Total 99 .10 99. 82 100.89 91.96 87.01 85.65 86.08 
Oxygens 24 14 
Si 6.116 5.867 5.859 2.858 2.625 2.611 2.551 
Ti 0.003 0.000 0.002 0.000 0.004 0.005 0.005 
Al 3.842 4 .052 4.074 3.180 2.825 2.780 2.837 
Cr 0.000 0.005 0.000 0 .000 0 .000 0.000 0.004 
Fe 5.047 5.258 5.217 1.669 1.715 1.688 1.723 
Mn 0.025 0.036 0.038 0.000 0.006 0.009 0.001 
Zn 0.008 0.008 0.000 0 .016 0.009 0.035 0.011 
Mg 0.777 0.740 0 .759 1.829 2.773 2.868 2.890 
Ca 0.138 0 .138 0.148 0.000 0.000 0.000 0.002 
Na 0.007 0.000 0.010 0.000 0.003 0.000 0.001 
K 0.003 0.000 0.000 0.000 0.000 0 .001 0.000 
F+Cl 0.005 0.001 0.001 0.185 0.177 0.184 0.205 Vl 
Total 15.971 16.105 16.108 9.737 10.137 10.181 10.230 \0 
Table 3. Chemical compositions of cordierite from the Sedalia deposit. 
Mineral Cordierite 
Wt. % 99CO42 
Si02 47.95 47.70 48.58 48.80 48.25 48.71 47.71 47.17 47.88 46.97 48.81 47.77 
Ti02 0.00 0.00 0.00 0.04 0.00 0.00 0.01 0.02 0.00 0.02 0.00 0.00 
Al203 34.21 33.45 33.02 33.56 33.51 32.43 34.00 34.85 32.67 34.18 33 .71 34.38 
Cr203 0.00 0.00 0.00 0.08 0.04 0.00 0.00 0.04 0.01 0.00 0.02 0.00 
FeO 8.44 8.33 7.74 8.74 8.68 8.09 8.47 9.44 8.93 9.00 8.63 8.66 
MnO 0.00 0.00 0.07 0.09 0.00 0.02 0.00 0.00 0.00 0.00 0.05 0.04 
ZnO 0.15 0.17 0.24 0.13 0.31 0.17 0.18 0.27 0.11 0.00 0.08 0.00 
MgO 8.22 8.19 6.96 8.59 8.46 7.74 8.35 7.70 8.02 8.36 8.29 8.11 
CaO 0.00 0.09 0.25 0.00 0.00 0.09 0.02 0.02 0.00 0.00 0.00 0.00 
Na20 0.18 0.20 0.08 0.09 0.10 0.16 0.02 0.05 0.15 0.07 0.08 0.09 
K20 0.02 0.04 0.20 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.04 
F 0.00 0.72 0.00 0.13 0.39 0.13 0.00 0.20 2.01 0.00 0.07 0.00 
Cl 0.12 0.01 0.04 0.00 0.00 0.02 0.01 0.01 0.03 0.00 0.02 0.05 
Total 99.27 98.89 97.16 100.25 99.74 97.63 98.77 99.75 99.83 98.60 99.74 99.14 
Atomic proportions based on 18 atoms of oxygen 
Si 4.905 4.931 5.052 4.950 4.935 5.054 4.901 4.833 4.976 4.847 4.964 4.892 
Ti 0.000 0.000 0.000 0.003 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.000 
Al 4.124 4.075 4.047 4.012 4.040 3.965 4.115 4.209 4.001 4.156 4.041 4.149 
Cr 0.000 0.000 0.000 0.007 0.003 0.000 0.000 0.003 0.001 0.000 0.002 0.000 
Fe 0.722 0.720 0.673 0.741 0.742 0.702 0.727 0.809 0.777 0.777 0.734 0.741 
Mn 0.000 0.000 0.006 0.008 0.000 0.001 0.000 0.000 0.000 0.000 0.004 0.004 
Zn 0.011 0.013 0.018 0.010 0.023 0.013 0.013 0.020 0.009 0.000 0.006 0.000 
Mg 1.253 1.262 1.079 1.299 1.290 1.198 1.278 1.177 1.243 1.286 1.256 1.237 
Ca 0.000 0.009 0.027 0.000 0.000 0.010 0.002 0.002 0.000 0.000 0.000 0.000 
Na 0.035 0.039 0.015 0.017 0.020 0.032 0.005 0.010 0.031 0.015 0.015 0.018 
K 0.002 0.005 0.027 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.006 
F+CI 0.021 0.236 0.006 0.042 0.126 0.047 0.002 0.065 0.666 0.000 0.024 0.009 0\ 
Total 11.073 11.290 10.950 11.089 11.179 11.032 11.044 11.130 11. 704 11.082 11.046 11.056 0 
Table 4. Chemical compositions of gedrite from the Sedalia deposit. 
Mineral Gedrite Gedrite 
Wt.% 99CO42 99CO38 
Si02 41.83 41.01 42.34 43.25 42.76 43.72 43.25 41.57 42.51 41.86 
Ti02 0.06 0.09 0.08 0.05 0.08 0.10 0.08 0.09 0.08 0.09 
A(z03 16.63 16.37 17.50 14.51 15.19 14.86 15.10 15.50 16.67 16.56 
Cr203 0.05 0.00 0.00 0.07 0.02 0.04 0.00 0.00 0.00 0.08 
FeO 27.00 27.02 26.07 23.60 23.52 23.74 24.80 24.29 23.22 23.54 
MnO 0.09 0.07 0.08 0.27 0.40 0.29 0.40 0.33 0.37 0.34 
ZnO 0.04 0.09 0.11 0.25 0.21 0.05 0.12 0.19 0.15 0.05 
MgO 10.86 10.52 10.17 13 .76 13.01 13.44 12.34 12.61 12.66 12.46 
CaO 0.19 0.20 0.22 0.50 0.53 0.59 0.50 0.54 0.52 0.53 
Na20 1.31 1.35 1.34 1.53 1.69 1.53 1.70 1.62 1.74 1.69 
K20 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
F 0.00 0.77 1.01 0.72 0.18 1.20 0.18 0.55 0.61 0.00 
Cl 0.00 0.02 0.01 0.01 0.02 0.00 0.00 0.02 0.01 0.01 
Total 98.07 97.51 98.93 98.51 97.61 99.54 98.47 97.31 98.54 97.20 
Atomic proportions based on 23 atoms of oxygen 
Si 6.265 6.245 6.308 6.419 6.374 6.439 6.416 6.276 6.285 6.252 
Ti 0.007 0.010 0.009 0.006 0.008 0.010 0.008 0.010 0.009 0.010 
Al 2.935 2.939 3.073 2.537 2.669 2.579 2.640 2.758 2.904 2.915 
Cr 0.006 0.000 0.000 0.008 0.003 0.005 0.000 0.000 0.000 0.009 
Fe 3.382 3.442 3.248 2.929 2.932 2.923 3.076 3.066 2.871 2.940 
Mn 0.012 0.008 0.010 0.034 0.051 0.036 0.050 0.042 0.046 0.043 
Zn 0.005 0.010 0.012 0.027 0.023 0.005 0.013 0.021 0.016 0.005 
Mg 2.425 2.389 2.258 3.045 2.892 2.951 2.729 2.838 2.791 2.773 
Ca 0.031 0.033 0.035 0.079 0.085 0.093 0.079 0.088 0.082 0.084 
Na 0.380 0.398 0.388 0.440 0.488 0.435 0.489 0.474 0.500 0.488 
K 0.001 0.002 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
F+CI 0.001 0.374 0.480 0.340 0.090 0.558 0.086 0.267 0.287 0.003 
Total 15.450 15.850 15.821 15.864 15 .616 16.034 15.586 15.840 15 .791 15.522 0\ 
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ACE HIGH/JACKPOT PROSPECT 
Table 1. Chemical compositions of spin el from the Ace High/Jackpot deposit. 
Mineral Gahnite 
Wt. % AHCOl 12 (core) (rim) AHCOl 19 AHCO123 AHCO121 
Si02 0.09 0.12 0.20 0.12 0.25 0.17 0.21 0.08 0.14 0.17 0.13 0.22 0.14 0.16 0.12 
Ti02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
Alz03 60.53 60.09 60.64 60.25 60.62 60.68 59.97 58.57 58.69 59.23 58.62 58.04 60.01 60.26 59.89 
Cr203 0.00 0.03 0.00 0.00 0.01 0.01 0.01 0.00 0.03 0.01 0.00 0.05 0.00 0.04 0.02 
FeO 6.11 5.85 5.72 6.12 6.01 5.91 6.12 6.50 6.41 6.27 6.09 6.00 6.47 6.55 6.33 
MnO 0.10 0.07 0.09 0.09 0.01 0.06 0.00 0.08 0.06 0.13 0.11 0.07 0.00 0.05 0.00 
ZnO 27.35 27.32 28.48 27.86 26.39 25.49 27.27 27.91 28.17 28.15 28 .68 28.60 26.24 25.85 26.82 
MgO 6.49 6.83 6.60 6.74 6.74 6.64 6.54 7.22 6.92 7.24 7.30 7.14 7.78 7.23 7.52 
CaO 0.01 0.02 0.02 0.02 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.02 0.00 0.00 0.03 
Na20 0.00 0.00 0.00 0.00 0.13 0.23 0.16 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.01 0.02 0.02 0.05 0.03 0.04 0.02 0.00 0.00 0.00 0.00 0.01 0.02 0.00 
F 0.07 0.12 0.20 0.00 0.05 0.22 0.00 0.10 0.00 0.30 0.00 0.00 0.00 0.17 0.09 
Cl 0.04 0.01 0.00 0.02 0.05 0.04 0.07 0.03 0.04 0.03 0.03 0.04 0.02 0.04 0.03 
Total 100.80 100.48 101.97 101.24 100.32 99.49 100.38 100.51 100.57 101.52 100.94 100.18 100.68 100.39 100.85 
Atomic proportions based on 4 atoms of oxygen 
Si 0.003 0.003 0.006 0.003 0.007 0.005 0.006 0.002 0.004 0.005 0.004 0.006 0.004 0.004 0.003 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 2.006 1.997 1.994 1.992 2.007 2.020 1.996 1.964 1.966 1.967 1.958 1.955 1.981 1.996 1.982 
Cr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.001 
Fe 0.144 0.138 0.134 0.144 0.141 0.140 0.145 0.155 0.152 0.148 0.144 0.143 0.152 0.154 0.149 
Mn 0.002 0.002 0.002 0.002 0.000 0.001 0.000 0.002 0.001 0.003 0.003 0.002 0.000 0.001 0.000 
Zn 0.568 0.569 0.587 0.577 0.547 0.532 0.569 0.586 0.591 0.586 0.600 0.603 0.543 0.537 0.556 
Mg 0.272 0.287 0.274 0.282 0.282 0.280 0.275 0.306 0.293 0.304 0.308 0.304 0.325 0.303 0.315 
Ca 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 
Na 0.000 0.000 0.000 0.000 0.007 0.012 0.009 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.001 0.001 0.002 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
F+CI 0.008 0.012 0.018 0.001 0.008 0.022 0.003 0.011 0.002 0.027 0.001 0.002 0.001 0.017 0.010 
.,_. 
0\ 
Total 3.003 3.010 3.017 3.003 3.001 3.013 3.004 3.027 3.015 3.040 3.018 3.017 3.006 3.014 3.017 
w 
Table 1 ( continued). Chemical compositions of spin el from the Ace High/ Jackpot deposit. 
Mineral Gahnite 
Wt. % AHCO121 (core) AHCO122 AHCO121 (rim) (core) AHCO120 
Si02 0.10 0.03 0.03 0.22 0.07 0.13 0.09 0.13 0.00 0.19 0.19 0.18 0.14 0.14 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.04 0.00 0.00 
Al203 59.47 58.78 59.06 59.67 58.98 59.44 58.95 58.91 59.66 60.86 61.53 59.58 60.61 60.60 
Cr203 0.01 0.04 0.00 0.03 0.00 0.00 0.04 0.01 0.07 0.06 0.00 0.08 0.00 0.08 
FeO 6.37 6.54 7.08 6.99 6.56 6.36 6.06 6.07 6.19 9.16 9.05 9.35 9.10 9.09 
MnO 0.06 0.13 0.02 0.07 0.08 0.08 0.15 0.10 0.19 0.06 0.14 0.10 0.06 0.03 
ZnO 27.05 27.29 26.17 26.53 28.10 27.11 27.81 27.69 27.20 23.43 22.43 22.53 23.38 22.14 
MgO 7.52 7.27 7.71 7.27 6.95 6.88 7.48 7.27 7.43 7.70 8.49 7.78 7.90 8.45 
CaO 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.02 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.00 
F 0.10 0.00 0.19 0.02 0.00 0.00 0.14 0.34 0.00 0.00 0.00 0.00 0.00 0.00 
CI 0.04 0.05 0.05 0.05 0.06 0.04 0.04 0.06 0.04 0.06 0.06 0.06 0.07 0.03 
Total 100.73 100.14 100.33 100.87 100.81 100.04 100.76 100.60 100.78 101.52 101.91 99.70 101.28 100.59 
Atomic proportions based on 4 atoms of oxygen 
Si 0.003 0.001 0.001 0.006 0.002 0.004 0.003 0.004 0.000 0.005 0.005 0.005 0.004 0.004 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
Al 1.976 1.971 1.971 1.977 1.971 1.987 1.966 1.971 1.980 1.985 1.986 1.978 1.982 1.982 
Cr 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.002 0.001 0.000 0.002 0.000 0.002 
Fe 0.150 0.156 0.168 0.164 0.156 0.151 0.143 0.144 0.146 0.212 0.207 0.220 0.211 0.211 
Mn 0.002 0.003 0.001 0.002 0.002 0.002 0.004 0.002 0.004 0.001 0.003 0.002 0.001 0.001 
Zn 0.563 0.573 0.547 0.551 0.588 0.568 0.581 0.581 0.566 0.479 0.453 0.469 0.479 0.454 
Mg 0.316 0.308 0.326 0.304 0.294 0.291 0.315 0.308 0.312 0.317 0.346 0.327 0.327 0.350 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
F+Cl 0.011 0.002 0.019 0.004 0.003 0.002 0.015 0.033 0.002 0.003 0.003 0.003 0.003 0.002 




Table 2. Chemical compositions of mica from the Ace High/ Jackpot deposit. 
Mineral Phlogopite Phlogopite Muscovite Phlogopite 
Wt. % AHCOl 12 AHCOl 13 AHCOl 19 AHCO120 AHCO123 
Si02 41.18 39.35 39.14 40.17 42.46 49.28 50.03 41.14 41.84 41.79 41 .34 42.93 41.56 42.04 
TiOz 0.72 0.69 0.62 0.65 0.62 0.02 0.06 0.71 0.68 0.71 0.69 0.72 0.66 0.61 
Alz03 16.92 17.47 17.31 17.17 16.56 31.85 30.58 16.93 16.84 17.17 15 .89 15.62 16.44 16.88 
Crz03 0.05 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.02 0.01 0.00 0.13 0.00 0.00 
FeO 4.57 6.32 6.12 4.59 4.59 1.04 0.98 4.67 4.77 4.67 6.76 6.20 4.92 4.88 
MnO 0.01 0.06 0.08 0.04 0.00 0.00 0.01 0.00 0.09 0.03 0.10 0.00 0.04 0.01 
ZnO 0.20 0.50 0.46 0.14 0.03 0.23 0.22 0.23 0.09 0.07 0.14 0.00 0.21 0.06 
MgO 23.41 22.43 22.32 22.78 23.38 4.18 4.06 22.30 22.41 22.28 22.58 21.93 23 .39 22.55 
CaO 0.02 0.03 0.07 0.07 0.01 0.09 0.02 0.00 0.00 0.00 0.00 0.00 0.10 0.05 
Na20 0.62 0.73 0.69 1.05 0.89 0.70 0.41 0.90 1.01 0.92 0.50 0.60 0.85 0.79 
K20 7.98 7. 87 7.68 7. 84 8.41 9.01 10.31 8.28 8.26 8.35 7.43 8.19 7.86 7.90 
F 1.32 0.76 0.95 1.19 0.95 0.25 0.00 1.07 1.18 1.73 1.35 1.22 1.53 1.12 
Cl 0.06 0.08 0.12 0.15 0.10 0.07 0.05 0.14 0.11 0.12 0.17 0.16 0.08 0.10 
Total 97.07 96.29 95 .56 95 .85 97.99 96.70 96.74 96.37 97.32 97.87 96.95 97.70 97.65 96.98 
Atomi c proportions based on 22 atoms of oxygen 
Si 5.734 5.566 5.581 5.676 5.836 6.427 6.542 5.774 5.815 5.802 5.811 5.962 5.776 5.838 
Ti 0.075 0.073 0.066 0.069 0.064 0.002 0.006 0.075 0.071 0.075 0.073 0.076 0.069 0.063 
Al 2.777 2.912 2.909 2.859 2.682 4.897 4.712 2.800 2.758 2.810 2.632 2.556 2.693 2.762 
Cr 0.006 0.000 0.001 0.000 0.000 0.000 0.000 0.002 0.002 0.002 0.000 0.015 0.000 0.000 
Fe 0.532 0.748 0.730 0.543 0.528 0.113 0.107 0.548 0.555 0.542 0.795 0.720 0.571 0.566 
Mn 0.001 0.008 0.009 0.005 0.000 0.000 0.001 0.000 0.011 0.003 0.012 0.000 0.005 0.001 
Zn 0.020 0.052 0.049 0.015 0.003 0.022 0.022 0.024 0.010 0.008 0.015 0.000 0.021 0.006 
Mg 4.858 4.730 4.746 4.798 4.791 0.812 0.791 4.666 4.644 4.611 4.730 4.541 4.846 4.668 
Ca 0.004 0.004 0.011 0.011 0.001 0.012 0.002 0.000 0.000 0.000 0.000 0.000 0.016 0.008 
Na 0.167 0.201 0.191 0.289 0.237 0.176 0.105 0.245 0.272 0.248 0.136 0.162 0.230 0.212 
K 1.418 1.421 1.397 1.413 1.474 1.499 1.720 1.482 1.465 1.479 1.333 1.451 1.394 1.399 
F+CI 0.598 0.361 0.456 0.568 0.437 0.116 0.011 0.505 0.547 0.788 0.639 0.573 0.692 0.513 ....... 0\ 
16.190 16.076 16.146 16.246 16.053 14.076 14.019 16.121 16.150 16.368 16.176 16.056 16.313 16.036 
V) 
Total 
Table 2 (continued). Chemical compositions of mica from the Ace High/ Jackpot deposit. 
Mineral Phlogopite 
Wt. % AHCO121 AHCO122 
Si02 41.60 41.21 39.86 40.72 42.16 41.20 40.05 41.01 
Ti02 0.53 0.63 0.67 0.66 0.67 0.75 0.68 0.72 
Alz03 16.98 17.62 17.30 16.88 16.29 16.44 16.56 16.53 
Cr203 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.09 
FeO 4.24 4.77 4.74 4.84 4.61 4.78 4.97 4.79 
MnO 0.00 0.08 0.01 0.00 0.00 0.00 0.04 0.06 
ZnO 0.39 0.09 0.15 0.00 0.00 0.36 0.43 0.42 
MgO 21.43 23.24 22.83 23.25 23 .08 23.46 23 .90 23.43 
CaO 0.02 0.04 0.00 0.01 0.00 0.01 0.00 0.07 
Na20 0.93 0.88 0.79 1.20 1.03 0.76 0.63 0.80 
K20 7.94 8.40 8.24 7.66 8.30 8.20 7.57 8.12 
F 1.53 1.67 1.69 1.68 1.14 1.64 1.43 1.12 
Cl 0.09 0.11 0.12 0.11 0.13 0.13 0.14 0.12 
Total 95.68 98.72 96.43 97.01 97.39 97.72 96.39 97.27 
Atomic proportions based on 22 atoms of oxygen 
Si 5.875 5.683 5.640 5.705 5.845 5.744 5.649 5.720 
Ti 0.057 0.065 0.071 0.070 0.070 0.079 0.072 0.076 
Al 2.825 2.864 2.884 2.786 2.662 2.701 2.752 2.717 
Cr 0.000 0.000 0.003 0.001 0.000 0.000 0.000 0.009 
Fe 0.501 0.550 0.561 0.567 0.534 0.557 0.587 0.558 
Mn 0.000 0.009 0.001 0.000 0.000 0.000 0.005 0.007 
Zn 0.041 0.009 0.016 0.000 0.000 0.037 0.045 0.043 
Mg 4.512 4.778 4.816 4.856 4.771 4.876 5.026 4.871 
Ca 0.004 0.005 0.001 0.001 0.000 0.001 0.000 0.011 
Na 0.253 0.236 0.216 0.327 0.276 0.204 0.173 0.217 
K 1.430 1.478 1.487 1.368 1.468 1.459 1.362 1.444 
F+Cl 0.706 0.753 0.783 0.769 0.530 0.756 0.669 0.523 




Table 3. Chemical compositions of chlorite from the Ace High/ Jackpot deposit. 
Mineral Mg-rich chlorite 
Wt.% AHCOl 12 AHCO113 AHCOl 19 AHCO120 
Si02 28.32 29.14 29.38 28.14 28.10 27.56 27.63 31.67 27.26 28.66 28.89 30.18 27.77 29.16 
Ti02 0.07 0.12 0.08 0.09 0.08 0.07 0.07 0.00 0.08 0.07 0.06 0.09 0.08 0.04 
AI203 23.38 23.75 23.60 23.55 23.55 23.19 23.46 14.96 22.21 23.10 23.06 22.58 22.83 21.53 
Cr203 0.01 0.02 0.06 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.05 0.00 
FeO 5.87 5.81 5.67 5.80 5.73 8.10 8.35 12.94 7.92 5.88 5.95 5.84 5.75 7.64 
MnO 0.09 0.04 0.07 0.06 0.05 0.01 0.02 0.19 0.04 0.00 0.03 0.03 0.00 0.06 
ZnO 0.22 0.17 0.12 0.71 0.89 0.35 0.22 0.46 0.07 0.07 0.10 0.11 0.10 0.05 
MgO 28.89 28.54 28.31 28.61 28.70 27.34 26.56 26.00 27.80 29.41 29.10 29.54 28.40 27.52 
CaO 0.01 0.02 0.02 0.00 0.03 0.01 0.00 0.04 0.02 0.00 0.00 0.00 0.00 0.00 
Na20 0.02 0.06 0.04 0.00 0.00 0.05 0.00 0.11 0.03 0.00 0.00 0.03 0.00 0.09 
K20 0.00 0.02 0.05 0.02 0.03 0.09 0.01 0.05 0.01 0.04 0.04 0.03 0.09 0.00 
F 0.23 0.32 0.04 0.09 0.00 0.19 0.10 0.41 0.23 0.00 0.21 0.48 0.18 0.26 
Cl 0.00 0.02 0.03 0.02 0.01 0.04 0.04 0.03 0.06 0.08 0.05 0.09 0.08 0.08 
Total 87.11 88.03 87.46 87.09 87.17 87.00 86.46 86.86 85.72 87.30 87.49 89.00 85.32 86.43 
Atomic proportions based on 14 atoms of oxygen 
Si 2.709 2.754 2.782 2.695 2.688 2.677 2.693 3.166 2.686 2.728 2.749 2.827 2.712 2.835 
Ti 0.005 0.008 0.006 0.007 0.007 0.005 0.005 0.000 0.006 0.005 0.004 0.006 0.006 0.003 
Al 2.637 2.646 2.634 2.660 2.657 2.654 2.696 1.762 2.579 2.591 2.586 2.493 2.628 2.467 
Cr 0.001 0.001 0.005 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.004 0.000 
Fe 0.470 0.460 0.449 0.466 0.459 0.658 0.681 1.082 0.652 0.468 0.474 0.457 0.469 0.621 
Mn 0.007 0.003 0.005 0.004 0.004 0.001 0.002 0.016 0.003 0.000 0.002 0.002 0.000 0.005 
Zn 0.015 0.012 0.008 0.049 0.063 0.025 0.016 0.034 0.005 0.005 0.007 0.008 0.007 0.004 
Mg 4.120 4.021 3.996 4.088 4.095 3.959 3.860 3.875 4.082 4.172 4.128 4.123 4.134 3.987 
Ca 0.001 0.002 0.002 0.000 0.004 0.001 0.000 0.005 0.002 0.000 0.000 0.000 0.000 0.000 
Na 0.004 0.012 0.007 0.000 0.000 0.009 0.000 0.021 0.006 0.000 0.000 0.005 0.000 0.017 
K 0.001 0.003 0.007 0.004 0.004 0.011 0.002 0.007 0.001 0.005 0.005 0.004 0.011 0.000 
F+CI 0.070 0.100 0.018 0.032 0.000 0.066 0.039 0.135 0.082 0.012 0.072 0.156 0.067 0.000 




Table 3 (continued). Chemical compositions of chlorite from the Ace High/ Jackpot deposit. 
Mineral Mg-rich chlorite 
Wt.% AHCO120 AHCO123 AHCO121 AHCO122 
Si02 28.96 29.65 28.36 28.26 28.05 28.42 27.89 27.94 28.88 28.40 29.41 28.96 27.71 29.17 
Ti02 0.05 0.09 0.07 0.02 0.07 0.04 0.08 0.08 0.06 0.05 0.09 0.11 0.09 0.07 
Ah03 22.34 21.19 23.31 23.10 23.22 23.28 22.31 23.91 21.30 21.74 22.40 22.34 22.63 22.55 
Cr203 0.04 0.05 0.04 0.00 0.04 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.10 0.01 
FeO 7.80 8.13 6.17 5.97 5.99 5.73 5.73 5.68 6.23 6.35 6.62 6.19 6.30 6.28 
MnO 0.00 0.06 0.08 0.09 0.05 0.03 0.03 0.02 0.02 0.05 0.04 0.03 0.11 0.07 
ZnO 0.01 0.22 0.13 0.13 0.14 0.16 0.00 0.10 0.00 0.12 0.11 0.12 0.13 0.07 
MgO 27.67 26.53 29.44 28.77 28.92 28.72 28.34 28.44 28.63 28.88 28.71 30.08 29.10 29.57 
CaO 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Na20 0.05 0.08 0.00 0.00 0.04 0.00 0.14 0.00 0.07 0.02 0.01 0.00 0.00 0.00 
K20 0.00 0.02 0.00 0.00 0.00 0.07 0.15 0.03 0.00 0.03 0.00 0.00 0.03 0.00 
F 0.27 0.00 0.08 0.21 0.11 0.04 0.43 0.39 0.24 0.46 0.52 0.27 0.39 0.00 
Cl 0.09 0.07 0.05 0.06 0.07 0.07 0.05 0.06 0.06 0.05 0.06 0.04 0.07 0.05 
Total 87.28 86.10 87.72 86.59 86.70 86.58 85.14 86.67 85.55 86.15 87.96 88.14 86.66 87.84 
Atomic proportions based on 14 atoms of oxygen 
Si 2.789 2.891 2.695 2.720 2.697 2.728 2.738 2.688 2.816 2.764 2.801 2.744 2.684 2.764 
Ti 0.004 0.007 0.005 0.002 0.005 0.003 0.006 0.006 0.004 0.003 0.006 0.008 0.006 0.005 
Al 2.536 2.434 2.611 2.620 2.632 2.633 2.581 2.710 2.449 2.494 2.514 2.496 2.583 2.518 
Cr 0.003 0.004 0.003 0.000 0.003 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.008 0.000 
Fe 0.628 0.663 0.490 0.481 0.482 0.460 0.471 0.457 0.508 0.517 0.527 0.491 0.511 0.497 
Mn 0.000 0.005 0.006 0.007 0.004 0.003 0.003 0.002 0.002 0.004 0.003 0.002 0.009 0.005 
Zn 0.000 0.016 0.009 0.009 0.010 0.011 0.000 0.007 0.000 0.009 0.008 0.008 0.009 0.005 
Mg 3.973 3.855 4.172 4.128 4.145 4.109 4.147 4.079 4.163 4.191 4.076 4.251 4.203 4.176 
Ca 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.008 0.015 0.000 0.000 0.007 0.000 0.026 0.000 0.013 0.004 0.001 0.001 0.000 0.000 
K 0.000 0.003 0.000 0.000 0.000 0.009 0.018 0.004 0.000 0.004 0.000 0.000 0.003 0.000 
F+CI 0.097 0.011 0.033 0.072 0.046 0.023 0.143 0.127 0.083 0.150 0.165 0.088 0.133 0.008 




Table 4. Chemical compositions of amphibole, tourmaline, and allanite from the Ace High/ Jackpot deposit. 
Mineral Antho2h~llite Dravite Allanite 
Wt. % AHCOl 13 AHCOl 19 AHCO120 
Si02 53.49 52.76 35.79 32.77 32.12 32.79 
Ti02 0.09 0.10 0.61 0.07 0.07 0.06 
Al203 4.40 5.32 31.63 17.77 18.80 16.17 
Cr203 0.00 0.00 0.06 0.00 0.01 0.00 
FeO 13.51 14.05 3.07 6.67 6.60 7.64 
MnO 0.50 0.54 0.00 0.29 0.10 0.27 
ZnO 0.38 0.13 0.00 0.15 0.12 0.06 
MgO 23.82 23.91 10.46 2.31 2.97 1.69 
CaO 0.50 0.47 2.01 14.11 13.70 13.97 
Na20 0.41 0.51 1.55 0.06 0.01 0.00 
K20 0.01 0.02 0.01 0.05 0.05 0.05 
F 0.22 0.11 0.23 0.63 0.35 0.28 
Cl 0.02 0.02 0.02 0.21 0.14 0.29 
Total 97.35 97.93 85.44 75 .11 75.04 73.27 
Oxygens 23 31 14 
Si 7.532 7.398 7.382 5.925 5.772 3.876 
Ti 0.009 0.011 0.094 0.010 0.010 0.005 
Al 0.730 0.879 7.689 3.788 3.981 2.253 
Cr 0.000 0.000 0.009 0.000 0.002 0.000 
Fe 1.591 1.647 0.529 1.009 0.991 0.756 
Mn 0.060 0.064 0.000 0.045 0.015 0.027 
Zn 0.039 0.013 0.000 0.020 0.015 0.005 
Mg 5.000 4.999 3.216 0.623 0.796 0.298 
Ca 0.075 0.071 0.445 2.734 2.637 1.769 
Na 0.112 0.139 0.620 0.022 0.002 0.000 
K 0.002 0.004 0.003 0.012 0.012 0.008 
F+CI 0.102 0.053 0.156 0.422 0.244 0.162 I--' 0\ 
Total 15 .252 15 .278 20.143 14.610 14.477 9.159 \0 
170 
INDEPENDENCE DEPOSIT 
Table 1. Chemical compositions of spinet from the Independence deposit. 
Mineral Gahnite 
Wt.% AHCO125 (core) (rim) (core) (rim) AHCO129 (rim) (core) AHCO137 
Si02 0.05 0.11 0.01 0.04 0.02 0.01 0.04 0.22 0.16 0.14 0.25 0.15 0.11 0.19 
Ti02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.02 0.00 
Al203 54.68 53.07 52.77 56.76 55.96 56.59 55.97 57.29 57.81 57.92 57.15 57.97 55.62 56.76 
Cr203 0.00 0.01 0.04 0.00 0.00 0.04 0.04 0.04 0.00 0.05 0.05 0.07 0.11 0.02 
FeO 8.80 11.54 11.96 7.41 7.42 8.40 6.73 7.33 6.82 6.90 6.88 7.25 7.33 7.21 
MnO 0.02 0.00 0.11 0.07 0.11 0.08 0.10 0.05 0.07 0.01 0.07 0.05 0.01 0.09 
ZnO 32 .99 31.58 31.96 32.98 33.70 31.91 33.70 33.44 33.85 32.57 33.91 32.74 32.59 33.70 
MgO 2.88 2.84 2.50 2.60 3.11 3.04 2.36 3.15 2.87 2.84 2.88 3.16 3.28 3.08 
CaO 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.09 0.14 0.01 0.14 0.00 0.17 0.00 
K20 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.03 0.00 0.01 0.01 0.01 0.01 
F 0.06 0.00 0.04 0.08 0.13 0.00 0.13 0.00 0.00 0.17 0.00 0.00 0.00 0.26 
Cl 0.00 0.02 0.00 0.02 0.00 0.03 0.00 0.08 0.04 0.04 0.05 0.07 0.05 0.04 
Total 99.50 99.17 99.40 99.96 100.48 100.11 99.09 101.71 101.79 100.70 101.39 101.48 99.31 101.40 
Atomic proportions based on 4 atoms of oxygen 
Si 0.002 0.003 0.000 0.001 0.000 0.000 0.001 0.006 0.005 0.004 0.007 0.004 0.003 0.006 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Al 1.941 1.906 1.902 1.983 1.957 1.972 1.981 1.965 1.979 1.995 1.968 1.982 1.957 1.962 
Cr 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.002 0.003 0.000 
Fe 0.222 0.294 0.306 0.184 0.184 0.208 0.169 0.179 0.166 0.169 0.168 0.176 0.183 0.177 
Mn 0.001 0.000 0.003 0.002 0.003 0.002 0.003 0.001 0.002 0.000 0.002 0.001 0.000 0.002 
Zn 0.734 0.711 0.722 0.722 0.738 0.697 0.747 0.719 0.726 0.703 0.732 0.701 0.719 0.730 
Mg 0.129 0.129 0.114 0.115 0.138 0.134 0.106 0.137 0.124 0.124 0.125 0.137 0.146 0.134 
Ca 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.005 0.008 0.001 0.008 0.000 0.010 0.000 
K 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
F 0.006 0.000 0.004 0.007 0.012 0.000 0.012 0.000 0.000 0.015 0.000 0.000 0.000 0.024 
Cl 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.004 0.002 0.002 0.002 0.003 0.002 0.002 
....... 
-...) ....... 
Total 3.036 3.044 3.052 3.015 3.033 3.015 3.022 3.017 3.013 3.015 3.013 3.006 3.023 3.038 
Table 1 ( continued). Chemical compositions of spinel from the Independence deposit. 
Mineral Gahnite 
Wt. % AHCO137 AHCO130 (core) (core) 
Si02 0.12 0.11 0.13 0.19 0.01 0.04 0.06 0.03 0.06 0.04 0.20 0.08 0.08 0.11 
Ti02 0.00 0.00 0.00 0.00 0.04 0.00 0.01 0.00 0.00 0.04 0.00 0.00 0.00 0.01 
Al203 57.42 57.20 56.38 56.30 57.21 56.36 56.05 56.26 57.00 56.36 57.44 58.18 57.04 57.41 
Cr203 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.07 0.02 0.00 0.00 0.03 0.03 0.00 
FeO 7.64 7.17 7.37 7.64 7.98 7.35 7.87 7.12 6.51 6.29 6.39 7.36 7.22 7.62 
MnO 0.04 0.01 0.04 0.06 0.04 0.05 0.18 0.03 0.10 0.08 0.00 0.00 0.03 0.06 
ZnO 33 .20 33.76 33.03 32.69 32.64 33.72 32.81 33.63 34.71 34.43 34.22 31.49 32.65 32.16 
MgO 2.94 2.90 3.05 3.05 3.06 3.04 3.16 3.07 3.10 3.05 3.14 4.13 3.64 3.55 
CaO 0.01 0.03 0.03 0.01 0.02 0.05 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na20 0.00 0.00 0.07 0.00 0.01 0.11 0.14 0.11 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.01 0.01 0.01 0.00 0.01 0.01 0.03 0.02 0.02 0.02 0.00 0.00 0.00 0.01 
F 0.08 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.12 0.14 0.09 0.22 
Cl 0.05 0.03 0.03 0.02 0.05 0.07 0.04 0.03 0.04 0.03 0.04 0.04 0.05 0.02 
Total 101.52 101.31 100.21 99.96 101.07 100.80 100.39 100.37 101.55 100.58 101.54 101.46 100.82 101.16 
Atomic proportions based on 4 atoms of oxygen 
Si 0.004 0.003 0.004 0.006 0.000 0.001 0.002 0.001 0.002 0.001 0.006 0.002 0.002 0.003 
Ti 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Al 1.974 1.974 1.965 1.965 1.974 1.961 1.956 1.963 1.966 1.967 1.973 1.979 1.968 1.973 
Cr 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.001 0.001 0.000 
Fe 0.186 0.175 0.182 0.189 0.195 0.181 0.195 0.176 0.159 0.156 0.156 0.178 0.177 0.186 
Mn 0.001 0.000 0.001 0.001 0.001 0.001 0.004 0.001 0.002 0.002 0.000 0.000 0.001 0.001 
Zn 0.715 0.730 0.721 0.715 0.706 0.735 0.717 0.735 0.750 0.753 0.736 0.671 0.706 0.692 
Mg 0.128 0.126 0.134 0.135 0.134 0.134 0.140 0.136 0.135 0.135 0.136 0.178 0.159 0.154 
Ca 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.000 0.004 0.000 0.001 0.006 0.008 0.006 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 
F 0.007 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.022 0.011 0.013 0.008 0.021 
Cl 0.002 0.001 0.001 0.001 0.002 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 ....... -.._) 
Total 3.017 3.019 3.015 3.012 3.015 3.024 3.026 3.023 3.017 3.040 3.020 3.024 3.024 3.031 
N 
Table 1 ( continued). Chemical compositions of spin el from the Independence deposit. 
Mineral Gahnite 
Wt. % AHCO130 (core) (rim) AHCO128 AHCO133 AHCO136 
Si02 0.12 0.01 0.12 0.16 0.28 0.28 0.13 0.22 0.17 0.16 0.09 0.22 0.25 0.19 0.18 
Ti02 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.02 0.04 0.02 0.03 0.00 
Al203 56.45 55.77 56.14 56.66 56.56 56.21 56.66 56.07 55.98 57.44 57.16 55.52 53.40 55.62 55.31 
Cr203 0.00 0.03 0.05 0.00 0.00 0.04 0.00 0.00 0.00 0.06 0.00 0.01 0.00 0.00 0.03 
FeO 7.21 6.99 6.36 6.26 6.25 6.56 6.47 6.52 6.74 7.25 7.38 7.29 7.55 6.78 6.58 
MnO 0.07 0.08 0.04 0.05 0.00 0.08 0.07 0.08 0.06 0.03 0.03 0.07 0.08 0.09 0.18 
ZnO 32.97 32.62 34.46 34.64 34.50 34.66 34.78 34.71 33.42 33.59 33.84 33.35 34.06 34.38 35.60 
MgO 3.61 3.57 3.08 3.31 3.16 3.10 3.16 3.06 3.40 2.91 3.28 3.35 3.10 3.03 2.92 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.01 0.14 0.00 0.00 
Na20 0.00 0.00 0.00 0.06 0.02 0.00 0.24 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.03 0.04 0.00 0.00 0 .00 0.04 0.01 0.02 
F 0.01 0.17 0.00 0.11 0.19 0.00 0.37 0.08 0.14 0.00 0.00 0.17 0.18 0.00 0.00 
Cl 0.05 0.06 0.02 0.04 0.03 0.05 0.05 0.05 0.05 0.06 0.06 0.04 0.07 0.05 0.05 
Total 100.48 99.31 100.27 101.28 101.02 101.00 101.94 100.88 100.00 101.53 101.86 100.05 98.88 1 00. 1 7 1 00 . 8 7 
Atomic proportions based on 4 atoms of oxygen 
Si 0.004 0.000 0.004 0.005 0.008 0.008 0.004 0.007 0.005 0.005 0.002 0.007 0.008 0.006 0.005 
Ti 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 
Al 1.959 1.962 1.961 1.959 1.960 1.952 1.956 1.953 1.958 1.974 1.962 1.947 1.918 1.951 1.939 
Cr 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 
Fe 0.177 0.174 0.158 0.154 0.154 0.162 0.158 0.161 0.167 0.177 0.180 0.181 0.192 0.169 0.164 
Mn 0.002 0.002 0.001 0.001 0.000 0.002 0.002 0.002 0.001 0.001 0.001 0.002 0.002 0.002 0.005 
Zn 0.717 0.719 0.754 0.751 0.749 0.754 0.753 0.757 0.733 0.723 0.728 0.733 0.766 0.755 0.782 
Mg 0.158 0.159 0.136 0.145 0.139 0.136 0.138 0.135 0.151 0.127 0.143 0.148 0.141 0.134 0.130 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.005 0.000 0.000 
Na 0.000 0.000 0.000 0.003 0.001 0.000 0.014 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.002 0.000 0.000 0.000 0.002 0.001 0.001 
F 0.001 0.016 0.000 0.010 0.018 0.000 0.035 0.008 0.013 0.000 0.000 0.016 0.017 0.000 0.000 
Cl 0.002 0.003 0.001 0.002 0.002 0.003 0.002 0.002 0.003 0.003 0.003 0.002 0.003 0.002 0.003 ...... -.....) 
vJ 
Total 3.020 3.036 3.016 3.030 3.032 3.019 3.063 3.028 3.033 3.012 3.019 3.037 3.054 3.021 3.030 
Table 1 ( continued). Chemical compositions of spin el from the Independence deposit. 
Mineral Gahnite Fe-rich hercynite 
Wt.% AHCO136 AHCO133 AHCO136B AHCO129 AHCO133 AHCO134 
Si02 0.14 0.14 0.10 0.13 0.00 0.13 0.29 0.09 0.19 0.12 1.19 0.32 0.35 0.76 
Ti02 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.01 0.01 
Al203 55.10 56.42 56.03 56.42 56.28 55.23 56.24 56.68 57.12 55.66 56.01 57.11 56.67 56.33 
Cr203 0.09 0.09 0.00 0.00 0.00 0.13 0.10 0.07 0.04 0.00 0.02 0.00 0.00 0.05 
FeO 7.10 7.04 7.46 7.03 7.25 6.83 7.28 7.02 7.02 6.02 19.87 20.70 21.09 20.11 
MnO 0.03 0.08 0.05 0.21 0.03 0.28 0.00 0.00 0.09 0.03 0.14 0.14 0.14 0.14 
ZnO 32.97 34.45 33.33 32.51 33.54 33.80 34.61 33 .53 32.83 36.04 19.99 19.10 18.88 19.91 
MgO 3.07 2.97 3.31 3.32 3.28 3.34 3.03 3.07 2.96 3.14 2.67 2.63 2.65 2.87 
CaO 0.00 0.04 0.04 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.03 0.02 0.02 0.01 
Na20 0.22 0.10 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.01 0.02 0.01 0.04 0.03 0.04 0.01 0.01 0.01 0.02 0.01 
F 0.00 0.00 0.04 0.48 0.26 0.00 0.00 0.02 0.00 0.00 0.06 0.04 0.00 0.00 
Cl 0.07 0.05 0.06 0.10 0.06 0.04 0.06 0.05 0.05 0.02 0.03 0.05 0.04 0.02 
Total 98.79 101.38 100.62 100.20 100.72 99.78 101.66 100.60 100.36 101.06 100.02 100.11 99.87 100.20 
Atomic proportions based on 4 atoms of oxygen 
Si 0.004 0.004 0.003 0.004 0.000 0.004 0.008 0.003 0.006 0.003 0.035 0.009 0.010 0.022 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.955 1.954 1.952 1.970 1.962 1.944 1.945 1.968 1.979 1.943 1.928 1.964 1.956 1.937 
Cr 0.002 0.002 0.000 0.000 0.000 0.003 0.002 0.002 0.001 0.000 0.000 0.000 0.000 0.001 
Fe 0.179 0.173 0.184 0.174 0.179 0.170 0.179 0.173 0.173 0.149 0.485 0.505 0.517 0.491 
Mn 0.001 0.002 0.001 0.005 0.001 0.007 0.000 0.000 0.002 0.001 0.003 0.003 0.004 0.003 
Zn 0.733 0.748 0.728 0.711 0.732 0.745 0.750 0.730 0.713 0.789 0.431 0.412 0.408 0.429 
Mg 0.138 0.130 0.146 0.147 0.145 0.149 0.132 0.135 0.130 0.139 0.116 0.114 0.116 0.125 
Ca 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.000 
Na 0.013 0.005 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.000 
F 0.000 0.000 0.004 0.045 0.024 0.000 0.000 0.002 0.000 0.000 0.005 0.004 0.000 0.000 
Cl 0.004 0.002 0.003 0.005 0.003 0.002 0.003 0.003 0.002 0.001 0.002 0.002 0.002 0.001 ........ --..J 
Total 3.029 3.021 3.034 3.061 3.047 3.024 3.020 3.018 3.007 3.026 3.006 3.013 3.015 3.009 
Table 1 ( continued). Chemical compositions of spinet from the Independence deposit. 
Mineral Fe-gahnite Gahnite 
Wt. % AHCO134 AHCO13 l (core) (core) (rim) 
Si02 0.42 0.25 0.13 0.27 0.66 0.12 
Ti02 0.04 0.00 0.00 0.01 0.00 0.01 
A)i03 56.62 57.60 57.28 58.56 57.63 58.70 
Cr203 0.00 0.04 0.00 0.00 0.02 0.08 
FeO 18.65 6.31 6.27 6.23 5.75 5.61 
MnO 0.15 0.06 0.05 0.15 0.04 0.03 
ZnO 20.52 32.25 32.29 32.08 32.67 32.52 
MgO 2.63 3.09 2.97 3.02 2.72 2.69 
CaO 0.02 0.00 0.00 0.01 0.00 0.02 
Na20 0.00 0.02 0.00 0.00 0.00 0.00 
K20 0.01 0.02 0.02 0.03 0.03 0.04 
F 0.00 0.00 0.20 0.00 0.03 0.00 
Cl 0.02 0.03 0.03 0.03 0.02 0.01 
Total 99.08 99.68 99.24 100.38 99.58 99.84 
Atomic proportions based on 4 atoms of oxygen 
Si 0.012 0.007 0.004 0.008 0.019 0.004 
Ti 0.001 0.000 0.000 0.000 0.000 0.000 
Al 1.965 1.994 1.999 2.006 1.994 2.021 
Cr 0.000 0.001 0.000 0.000 0.001 0.002 
Fe 0.459 0.155 0.155 0.151 0.141 0.137 
Mn 0.004 0.001 0.001 0.004 0.001 0.001 
Zn 0.446 0.700 0.706 0.688 0.708 0.702 
Mg 0.116 0.135 0.131 0.131 0.119 0.117 
Ca 0.001 0.000 0.000 0.000 0.000 0.001 
Na 0.000 0.001 0.000 0.000 0.000 0.000 
K 0.000 0.001 0.001 0.001 0.001 0.001 
F 0.000 0.000 0.018 0.000 0.003 0.000 
Cl 0.001 0.002 0.001 0.002 0.001 0.001 ....... -...J 
3.005 2.997 3.016 2.991 2.988 2.987 
Vi 
Total 
Table 2. Chemical compositions of amphiboles from the Independence deposit. 
Mineral Antho2h~llite Antho2h~llite Hornblende 
Wt. % AHCO125 AHCO128 
Si02 53 .57 54.88 56.19 54.54 54.52 54.43 54.67 54.46 54.37 54.43 54.83 53.88 47.79 49.66 
Ti02 0.05 0.00 0.02 0.01 0.03 0.02 0.02 0.00 0.04 0.05 0.04 0.06 0.35 0.34 
Al203 1.95 1.64 2.11 1.93 1.67 2.17 1.86 2.22 1.89 2.51 2.43 2.46 9.66 8.96 
Cr203 0.00 0.00 0.06 0.05 0.00 0.00 0.01 0.00 0.04 0.00 0.02 0.00 0.00 0.00 
FeO 18.60 18.81 18.39 18.28 18.65 18.52 18.36 18.24 18.42 17.43 17.33 17.45 13 .38 13.98 
MnO 1.10 1.07 0.94 0.99 1.11 0.98 0.93 0.92 1.03 0.82 0.85 0.80 0.47 0.48 
ZnO 0.50 0.30 0.30 0.89 0.46 0.33 0.41 0.42 0.31 0.32 0.75 0.28 0.24 0.12 
MgO 21 .00 20.70 19.32 20.38 20.97 20.87 20.58 20.41 20.09 22.08 22.21 21.56 16.04 16.85 
CaO 0.43 0.51 0.42 0.52 0.42 0.49 0.49 0.48 0.45 0.47 0.44 0.43 8.12 7.12 
Na20 0.21 0.22 0.20 0.15 0.15 0.27 0.27 0.22 0.26 0.32 0.28 0.28 1.35 1.17 
K20 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.01 0.01 0.04 0.03 0.02 0.19 0.17 
F 0.30 0.00 0.10 0.00 0.23 0.37 0.00 0.26 0.09 0.56 0.00 0.29 0.34 0.48 
Cl 0.03 0.00 0.03 0.01 0.03 0.02 0.01 0.01 0.02 0.05 0.07 0.06 0.05 0.06 
Total 97.74 98.14 98.08 97.75 98 .25 98.49 97.61 97 .65 97 .03 99.08 99.27 97.59 97.97 99.39 
Atomic proportions based on 23 atoms of oxygen 
Si 7.726 7.833 7.975 7.819 7.799 7.766 7.830 7.811 7.845 7.698 7.705 7.717 6.914 7.057 
Ti 0.006 0.000 0.002 0.001 0.003 0.002 0.002 0.000 0.005 0.005 0.004 0.007 0.039 0.036 
Al 0.331 0.276 0.353 0.326 0.282 0.364 0.314 0.376 0.322 0.418 0.403 0.416 1.647 1.501 
Cr 0.000 0.000 0.006 0.005 0.000 0.000 0.001 0.000 0.004 0.000 0.002 0.000 0.000 0.000 
Fe 2.243 2.245 2.183 2.192 2.231 2.209 2.199 2.187 2.223 2.062 2.037 2.090 1.618 1.662 
Mn 0.135 0.130 0.113 0.120 0.135 0.119 0.113 0.112 0.126 0.098 0.101 0.098 0.057 0.058 
Zn 0.054 0.031 0.031 0.094 0.049 0.035 0.044 0.045 0.033 0.034 0.078 0.029 0.025 0.013 
Mg 4.514 4.404 4.088 4.356 4.471 4.440 4.395 4.365 4.322 4.656 4.652 4.604 3.459 3.570 
Ca 0.066 0.079 0.065 0.080 0.064 0.074 0.075 0.074 0.069 0.071 0.066 0.066 1.259 i.085 
Na 0.058 0.062 0.055 0.042 0.041 0.075 0.074 0.061 0.073 0.087 0.076 0.079 0.378 0.323 
K 0.001 0.001 0.000 0.002 0.001 0.004 0.000 0.001 0.003 0.008 0.005 0.004 0.035 0.031 
F 0.135 0.000 0.047 0.000 0.102 0.166 0.000 0.116 0.039 0.251 0.000 0.132 0.156 0.213 
Cl 0.007 0.000 0.006 0.003 0.007 0.005 0.002 0.003 0.005 0.011 0.015 0.014 0.013 0.015 -......) 
Total 15.276 15 .061 14.924 15.040 15 .185 15.259 15 .049 15.151 15 .069 15.399 15.144 15.256 15 .600 15.564 0\ 
Table 2 ( continued). Chemical compositions of amphiboles from the Independence deposit. 
Mineral Hornblende Antho~h1llite Hornblende 
Wt.% AHCO128 AHCO129 AHCO131 AHCO133 
Si02 48.64 54.76 53.52 54.96 55 .39 55.70 55.69 54.66 54.27 53.41 49.61 45.39 49.50 47.53 
Ti02 0.36 0.02 0.08 0.02 0.05 0.03 0.07 0.03 0.00 0.05 0.38 0.50 0.29 0.53 
Al203 9.52 1.36 2.55 2.59 2.29 1.56 1.61 1.61 1.41 1.78 9.73 11.88 7.18 11.47 
Cr203 0.06 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.00 
FeO 13.05 17.69 17.65 17.42 17.53 17.56 17.48 17.37 16.87 17.66 13.61 12.19 14.75 11.86 
MnO 0.49 0.91 0.73 0.76 0.74 0.82 0.84 0.91 0.84 0.94 0.35 0.16 0.60 0.27 
ZnO 0.19 0.40 0.29 0.42 0.29 0.45 0.28 0.29 0.29 0.06 0.20 0.18 0.47 0.15 
MgO 16.20 21.21 21.40 21.65 21.29 21 .70 21.82 21.64 21.60 22.09 15.91 14.46 16.98 15.17 
CaO 8.52 0.69 0.51 0.50 0.51 0.38 0.42 0.44 0.36 0.35 8.96 11.15 6.27 10.56 
Na20 1. 16 0.14 0.36 0.27 0.30 0.28 0.23 0.14 0.20 0.21 1.01 1.32 0.84 1.32 
K20 0. 16 0.02 0.01 0.02 0.02 0.03 0.01 0.01 0.01 0.01 0.13 0.16 0.07 0.17 
F 0.62 0.19 0.45 0.00 0.45 0.51 0.04 0.22 0.85 0.26 0.23 0.66 0.47 0.00 
Cl 0.08 0.02 0.01 0.02 0.01 0.07 0.05 0.04 0.02 0.02 0.14 0.16 0.09 0.16 
Total 99.05 97.43 97.56 98.63 98.89 99.07 98.54 97.36 96.72 96.82 100.25 98.21 97.53 99.18 
Atomic proportions based on 23 atoms of oxygen 
Si 6.962 7.856 7.691 7.749 7.815 7.862 7.854 7.829 7.719 7.719 6.992 6.613 7.196 6.761 
Ti 0.039 0.002 0.009 0.002 0.005 0.003 0.008 0.004 0.006 0.007 0.040 0.055 0.031 0.057 
Al 1.606 0.231 0.432 0.431 0.381 0.259 0.268 0.271 0.303 0.306 1.617 2.040 1.229 1.923 
Cr 0.006 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 
Fe 1.562 2.122 2.121 2.054 2.069 2.073 2.062 2.080 2.134 2.055 1.605 1.486 1.793 1.411 
Mn 0.059 0.111 0.089 0.091 0.088 0.098 0.100 0.111 0.115 0.120 0.041 0.020 0.074 0.032 
Zn 0.020 0.043 0.031 0.043 0.030 0.047 0.029 0.031 0.006 0.049 0.021 0.019 0.050 0.015 
Mg 3.457 4.535 4.584 4.550 4.477 4.565 4.588 4.619 4.758 4.781 3.342 3.139 3.679 3.216 
Ca 1.307 0.106 0.078 0.076 0.077 0.058 0.063 0.068 0.054 0.059 1.353 1.740 0.976 1.609 
Na 0.321 0.039 0.100 0.074 0.083 0.075 0.064 0.039 0.057 0.045 0.277 0.373 0.237 0.364 
K 0.030 0.004 0.002 0.004 0.004 0.005 0.002 0.001 0.002 0.002 0.023 0.030 0.013 0.031 
F 0.279 0.088 0.203 0.000 0.201 0.227 0.016 0.102 0.117 0.242 0.103 0.303 0.216 0.000 
Cl 0.020 0.006 0.003 0.003 0.003 0.017 0.012 0.010 0.004 0.002 0.033 0.040 0.023 0.038 --..J 
Total 15.668 15.143 15.343 15.077 15.235 15.289 15.066 15.165 15.275 15.387 15.447 15.858 15.520 15.457 --..J 
Table 2 ( continued). Chemical compositions of amphiboles from the Independence deposit. 
Mineral Hornblende Cummingtonite Hornblende Antho12h~llite 
Wt.% AHCO133 AHCO136 
Si02 45.71 46.20 46.96 55.63 54.63 54.28 46.36 45.46 45.98 45.39 45.97 54.06 55.67 53.64 52.99 
Ti02 0.52 0.52 0.57 0.02 0.10 0.12 0.51 0.49 0.51 0.54 0.51 0.02 0.00 0.02 0.09 
A(z03 11.97 11.93 11.76 1.23 2.47 2.27 12.81 13.15 12.60 12.36 12.42 2.63 2.21 1.96 2.87 
Cr203 0.02 0.00 0.02 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 
FeO 11.80 11.93 11.61 18.22 17.37 17.15 11.23 11.09 10.99 12.34 11.35 16.75 16.43 17.38 17.42 
MnO 0.32 0.37 0.30 0.88 0.84 0.83 0.33 0.29 0.26 0.30 0.30 0.88 0.67 0.88 0.83 
ZnO 0.24 0.17 0.23 0.43 0.42 0.39 0.23 0.21 0.13 0.15 0.16 0.46 0.31 0.29 0.31 
MgO 15.24 15.19 15.20 21.07 20.93 20.78 14.44 14.52 14.56 13.55 14.21 21.74 21.60 21.99 21.48 
CaO 11.35 10.51 10.61 0.82 1.47 1.53 11.75 11.46 11.42 12.23 11.56 0.57 0.52 0.46 0.53 
Na20 1.47 1.37 1.34 0.17 0.30 0.27 1.57 1.43 1.32 1.65 1.44 0.36 0.27 0.25 0.35 
K20 0.19 0.19 0.18 0.00 0.01 0.03 0.17 0.18 0.17 0.16 0.16 0.00 0.00 0.00 0.00 
F 0.90 0.38 0.19 0.33 0.00 0.26 0.00 0.49 0.28 0.35 0.21 0.06 0.50 0.00 0.06 
Cl 0.11 0.12 0.10 0.01 0.02 0.02 0.09 0.08 0.07 0.16 0.07 0.01 0.00 0.01 0.01 
Total 99.82 98.87 99.05 98.83 98.56 97.92 99.48 98.85 98.29 99.17 98.36 97.55 98.18 96.89 96.94 
Atomic proportions based on 23 atoms of oxygen 
Si 6.566 6.640 6.702 7.886 7.737 7.755 6.594 6.534 6.616 6.560 6.625 7.709 7.864 7.720 7.636 
Ti 0.057 0.056 0.061 0.002 0.010 0.012 0.055 0.053 0.055 0.059 0.055 0.002 0.000 0.003 0.010 
Al 2.027 2.020 1.978 0.205 0.412 0.382 2.147 2.227 2.137 2.105 2.110 0.443 0.368 0.333 0.487 
Cr 0.002 0.000 0.002 0.003 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.002 0.000 0.002 0.000 
Fe 1.417 1.434 1.386 2.160 2.057 2.050 1.335 1.333 1.323 1.492 1.368 1.998 1.941 2.092 2.099 
Mn 0.039 0.044 0.036 0.105 0.101 0.100 0.040 0.035 0.032 0.037 0.036 0.106 0.080 0.107 0.101 
Zn 0.025 0.019 0.024 0.045 0.044 0.041 0.024 0.022 0.014 0.016 0.017 0.048 0.032 0.030 0.033 
Mg 3.263 3.254 3.234 4.454 4.420 4.427 3.063 3.112 3.123 2.920 3.053 4.622 4.550 4.717 4.615 
Ca 1.746 1.618 1.622 0.124 0.223 0.234 1.790 1.765 1.760 1.894 1.785 0.087 0.078 0.071 0.081 
Na 0.409 0.381 0.372 0.047 0.082 0.076 0.432 0.398 0.369 0.462 0.402 0.100 0.075 0.069 0.097 
K 0.035 0.035 0.033 0.000 0.002 0.005 0.030 0.033 0.030 0.029 0.029 0.000 0.000 0.000 0.000 
F 0.407 0.174 0.086 0.146 0.000 0.118 0.000 0.224 0.128 0.160 0.096 0.029 0.225 0.000 0.029 
Cl 0.026 0.028 0.023 0.002 0.004 0.004 0.021 0.018 0.018 0.038 0.016 0.002 0.000 0.002 0.002 ....... -....J 
Total 16.019 15.703 15.559 15.179 15.092 15.204 15.531 15.755 15.605 15.772 15.593 15.148 15.213 15.146 15.190 00 
Table 2 ( continued). Chemical compositions of amphibole from the Independence deposit. 
Mineral Antho_Qh~llite 
Wt.% AHCO136 AHCO136B AHCO137 
Si02 53 .23 54.19 54.90 55.44 54.20 53.82 54.19 56.36 55 .58 
Ti02 0.04 0.05 0.07 0.02 0.04 0.05 0.02 0.04 0.02 
Alz03 2.88 2.00 2.11 1.90 1.73 1.98 1.91 1.87 1.86 
Cr203 0.00 0.00 0.03 0.00 0.00 0.09 0.00 0.03 0.00 
FeO 17.64 16.81 17.57 16.83 16.64 18.07 18.45 15.92 18.07 
MnO 1.02 0.75 0.91 0.66 0.77 0.84 0.81 0.61 0.88 
ZnO 0.40 0.30 0.43 0.44 0.32 0.30 0.31 0.38 0.35 
MgO 21 .64 22.08 22.29 22.33 22.35 20.66 21.41 22.35 21.70 
CaO 0.55 0.47 0.40 0.46 0.42 0.46 0.43 0.31 0.43 
Na20 0.29 0.24 0.26 0.14 0.19 0.18 0.14 0.10 0.19 
K20 0.00 0.03 0.01 0.02 0.04 0.02 0.02 0.02 0.01 
F 0.00 0.34 0.17 0.37 0.23 0.37 0.34 0.58 0.26 
CI 0.00 0.02 0.02 0.02 0.02 0.06 0.04 0.07 0.05 
Total 97.68 97.27 99.14 98.62 96.94 96.89 98.08 98.61 99.39 
Atomic proportions based on 23 atoms of oxygen 
Si 7.621 7.762 7.730 7.816 7.777 7.793 7.757 7.905 7.814 
Ti 0.004 0.006 0.007 0.002 0.004 0.005 0.002 0.004 0.002 
Al 0.486 0.337 0.350 0.315 0.292 0.338 0.323 0.308 0.308 
Cr 0.000 0.000 0.004 0.000 0.000 0.010 0.000 0.003 0.000 
Fe 2.112 2.014 2.069 1.983 1.997 2.188 2.209 1.868 2.125 
Mn 0.123 0.091 0.108 0.079 0.094 0.103 0.099 0.072 0.104 
Zn 0.042 0.032 0.044 0.045 0.034 0.033 0.033 0.039 0.037 
Mg 4.620 4.715 4.678 4.693 4.782 4.459 4.569 4.674 4.549 
Ca 0.085 0.072 0.060 0.070 0.065 0.071 0.066 0.046 0.064 
Na 0.079 0.067 0.070 0.039 0.052 0.051 0.038 0.027 0.050 
K 0.000 0.005 0.001 0.003 0.008 0.003 0.003 0.004 0.003 
F 0.000 0.154 0.075 0.163 0.104 0.168 0.152 0.256 0.115 
Cl 0.000 0.004 0.005 0.004 0.006 0.015 0.010 0.016 0.013 --...J 
Total 15.172 15.259 15.201 15.212 15.215 15.237 15.261 15.222 15.184 \0 
Table 3. Chemical compositions of cordierite, staurolite, garnet, and plagioclase from the Independence deposit. 
Mineral Cordierite Staurolite Alman dine Andesine 
Wt.% AHCO134 (core) (rim) 
Si02 47.72 48.43 26.73 36.15 36.46 36.29 37.73 60.01 
Ti02 0.02 0.00 0.24 0.00 0.00 0.00 0.01 0.01 
AI203 34.27 33.61 55.30 20.73 21.60 22.30 20.72 25.78 
Cr203 0.01 0.00 0.00 0.00 0.00 0.03 0.04 0.00 
FeO 7.88 7.76 11 .97 34.19 34.19 33.92 33.43 0.05 
MnO 0.15 0.25 0.30 3.08 3.57 3.49 3.18 0.00 
ZnO 0.02 0.00 2.52 0.11 0.01 0 .02 0.00 0.00 
MgO 8.71 8.71 1.58 3.93 3.51 3.39 4.29 0.07 
CaO 0.02 0.01 0 .02 1.26 1.18 1.23 1.24 5.84 
Na20 0.14 0.19 0.00 0.00 0.00 0.01 0.05 6.98 
K20 0.01 0.02 0.00 0.00 0.01 0.00 0.02 0.26 
F 0.15 0 .04 0.34 0.31 0.00 0.00 0.00 0.00 
Cl 0.00 0 .03 0.02 0 .01 0 .00 0 .01 0.01 0.01 
Total 99.09 99 .05 99.02 99.78 100.55 100.70 100.73 99.03 
Oxygens 18 48 24 32 
Si 4.882 4.948 7.724 5.884 5.863 5.815 6.013 10.730 
Ti 0.001 0 .000 0.052 0.000 0.000 0.000 0.001 0.001 
Al 4.132 4.048 18.835 3.977 4.093 4.212 3.892 5.433 
Cr 0.001 0.000 0.000 0.000 0.000 0.004 0.005 0.000 
Fe 0.674 0.663 2.893 4.654 4.598 4.546 4.456 0.008 
Mn 0.013 0.022 0.074 0.424 0.487 0.474 0.429 0.000 
Zn 0.001 0.000 0.537 0.013 0 .002 0.002 0.000 0.000 
Mg 1.329 1.327 0.681 0.954 0.841 0.810 1.019 0.019 
Ca 0.002 0.001 0.007 0.220 0.204 0.211 0.212 1.120 
Na 0.028 0.037 0.003 0.000 0.000 0 .002 0.015 2.421 
K 0.001 0.002 0.002 0.001 0.002 0 .000 0.003 0.060 
F 0.049 0.012 0.310 0.159 0.000 0.000 0.000 0.000 
CI 0.000 0.006 0.011 0.001 0.001 0.003 0.004 0.003 ........ 00 
Total 11.113 11.066 31.129 16.287 16.091 16.079 16.049 19.795 0 
Table 4. Chemical compositions of mica from the Independence deposit. 
Mineral Phlogorite Biotite Phlogo2ite 
Wt. % AHCO125 AHCO134 AHCO131 AHCO129 AHCO137 
Si02 40.45 37.63 34.80 35.01 38.89 39.97 38.74 39.35 40.16 40.45 39.64 39.41 39.29 
Ti02 0.82 0.95 1.59 1.49 0.78 0.91 0.87 1.02 0.97 0.99 1.05 1.06 1.01 
Alz03 17.16 17.40 18.97 18.91 15 .99 15.50 16.05 16.55 15 .95 16.78 16.06 16.16 15.04 
Cr203 0.00 0.00 0.07 0.03 0.04 0.00 0.00 0.06 0.01 0.00 0.00 0.00 0.03 
FeO 4.27 11.30 18.99 19.17 9.50 10.16 9.80 10.00 10.29 9.83 10.53 10.10 10.60 
MnO 0.01 0.10 0.05 0.10 0.04 0.04 0.00 0.02 0.00 0.00 0.00 0.10 0.01 
ZnO 0.10 0.03 0.04 0.29 0.24 0.25 0.23 0.24 0.15 0.21 0.22 0.16 0.12 
MgO 22.78 18.24 11.12 11.39 20.11 19.77 20.20 17.94 18.47 18.55 19.22 18.70 18.68 
CaO 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.06 0.01 0.04 
Na20 0.53 0.38 0.42 0.34 0.42 0.76 0.62 0.68 0.44 0.65 0.74 0.77 0.60 
K20 8.22 8.66 8.77 8.59 8.19 8.87 8.28 8.68 8.70 8.72 8.41 8.67 8.49 
F 1.66 1.14 0.70 0.52 1.21 1.46 1.66 1.01 1.16 1.20 1.45 1.04 0.74 
Cl 0.05 0.14 0.29 0.31 0.11 0.16 0.19 0.14 0.16 0.17 0.21 0.18 0.16 
Total 96.11 95.97 95.81 96.16 95.53 97.84 96.64 95.68 96.47 97.59 97.60 96.35 94.82 
Atomic proportions based on 22 atoms of oxygen 
Si 5.708 5.515 5.312 5.317 5.665 5.737 5.625 5.731 5.804 5.767 5.699 5.712 5.778 
Ti 0.087 0.104 0.182 0.170 0.086 0.098 0.095 0.112 0.105 0.107 0.113 0.115 0.112 
Al 2.854 3.006 3.413 3.386 2.744 2.622 2.747 2.841 2.717 2.819 2.721 2.760 2.607 
Cr 0.000 0.000 0.009 0.004 0.004 0.000 0.000 0.007 0.001 0.000 0.000 0.000 0.003 
Fe 0.504 1.385 2.424 2.435 1.158 1.220 1.190 1.218 1.243 1.172 1.266 1.224 1.304 
Mn 0.001 0.013 0.007 0.012 0.005 0.004 0.000 0.002 0.000 0.000 0.000 0.012 0.001 
Zn 0.010 0.004 0.005 0.033 0.026 0.027 0.024 0.026 0.016 0.022 0.024 0.017 0.013 
Mg 4.793 3.986 2.530 2.578 4.366 4.229 4.372 3.894 3.980 3.943 4.119 4.042 4.097 
Ca 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.004 0.010 0.002 0.006 
Na 0.146 0.109 0.123 0.102 0.120 0.211 0.174 0.191 0.124 0.179 0.206 0.217 0.171 
K 1.479 1.619 1.707 1.665 1.522 1.624 1.534 1.612 1.603 1.585 1.542 1.602 1.594 
F 0.742 0.527 0.340 0.250 0.558 0.664 0.764 0.466 0.529 0.542 0.659 0.478 0.346 
Cl 0.01 l 0.034 0.076 0.079 0.027 0.038 0.048 0.034 0.040 0.042 0.052 0.044 0.041 ....... 00 
Total 16.343 16.302 16.128 16.031 16.281 16.474 16.573 16.135 16.162 16.182 16.411 16.225 16.073 ....... 
Table 4 ( continued). Chemical compositions of mica from the Independence deposit. 
Mineral Phlogo2ite 
Wt.% AHCO137 AHCO130 AHCO128 AHCO133 
Si02 38.37 38.92 40.78 39.64 38.21 39.66 40.17 39.05 39.44 39.23 40.62 39.79 39.97 39.85 
Ti02 1.08 1.07 0.75 0.73 0.63 0.71 0.65 0.96 0.85 1.11 1.14 1.09 0.97 1.01 
AJi03 17.14 16.73 15.71 15.99 16.04 16.44 16.01 16.13 15.90 15.65 15.35 15.98 15.82 16.39 
Cr203 0.00 0.06 0.09 0.02 0.05 0.00 0.06 0.01 0.00 0.04 0.00 0.00 0.00 0.00 
FeO 10.41 10.18 8.54 8.60 9.30 8.69 8.48 9.85 11.14 9.59 9.80 9.75 9.65 9.71 
MnO 0.09 0.00 0.08 0.05 0.06 0.04 0.00 0.06 0.16 0.04 0.05 0.05 0.01 0.07 
ZnO 0.09 0.13 0.05 0.55 0.44 0.35 0.19 0.36 0.37 0.32 0.17 0.13 0.27 0.10 
MgO 18.77 18.94 20.79 20.40 21.42 21.38 20.26 19.20 20.39 19.28 19.12 19.37 19.52 19.89 
CaO 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.04 0.06 
Na20 0.65 0.65 0.73 0.70 0.37 0.57 0.69 0.82 0.44 0.90 0.78 0.83 0.72 0.67 
K20 8.55 8.44 8.77 8.70 7.81 7.90 8.38 8.45 7.42 8.53 8.47 8.62 8.66 8.61 
F 1.41 1.40 1.11 1.47 1.18 1.29 1.28 0.87 1.52 1.19 0.93 1.68 0.92 1.02 
Cl 0.13 0.16 0.13 0.14 0.13 0.15 0.11 0.16 0.15 0.16 0.17 0.12 0.19 0.21 
Total 96.71 96.69 97.52 96.98 95.65 97.18 96.29 95 .89 97.75 96.05 96.59 97.41 96.74 97.59 
Atomic proportions based on 22 atoms of oxygen 
Si 5.569 5.635 5.784 5.701 5.559 5.648 5.770 5.674 5.651 5.708 5.837 5.723 5.747 5.682 
Ti 0.118 0.116 0.080 0.079 0.069 0.076 0.070 0.105 0.091 0.122 0.123 0.118 0.105 0.108 
Al 2.932 2.854 2.626 2.710 2.751 2.759 2.711 2.761 2.685 2.684 2.599 2.709 2.681 2.754 
Cr 0.000 0.007 0.011 0.002 0.006 0.000 0.007 0.001 0.000 0.005 0.000 0.000 0.000 0.000 
Fe 1.263 1.232 1.013 1.035 1.131 1.035 1.018 1.196 1.335 1.166 1.178 1.172 1.160 1.158 
Mn 0.011 0.000 0.010 0.006 0.007 0.005 0.000 0.007 0.020 0.004 0.006 0.006 0.001 0.009 
Zn 0.009 0.014 0.005 0.058 0.047 0.037 0.021 0.038 0.039 0.034 0.018 0.014 0.028 0.010 
Mg 4.062 4.087 4.395 4.375 4.645 4.539 4.339 4.158 4.356 4.181 4.095 4.154 4.184 4.227 
Ca 0.001 0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.003 0.000 0.000 0.007 0.009 
Na 0.182 0.183 0.201 0.195 0.105 0.159 0.192 0.230 0.121 0.254 0.218 0.233 0.200 0.185 
K 1.582 1.559 1.586 1.597 1.450 1.435 1.535 1.566 1.356 1.583 1.552 1.582 1.589 1.566 
F 0.649 0.640 0.498 0.667 0.543 0.581 0.580 0.398 0.687 0.549 0.421 0.765 0.419 0.461 
Cl 0.033 0.038 0.03 l 0.033 0.033 0.035 0.027 0.038 0.036 0.039 0.040 0.029 0.046 0.050 ....... 00 
Total 16.411 16.367 16.240 16.458 16.346 16.309 16.272 16.172 16.377 16.332 16.087 16.505 16.167 16.219 N 
Table 4 ( continued). Chemical compositions of mica from the Independence deposit. 
Mineral Phlogo2ite 
Wt. % AHCO133 AHCO136B AHCO136 AHCO131 AHCO125 
Si02 39.28 39.56 39.98 40.46 41.06 39.02 40.27 39.61 39.24 37.79 37.75 39.14 38.22 
Ti02 1.01 1.00: 0.81 0.87 0.83 0.97 0.95 0.96 0.83 1.08 1.09 1.02 1.05 
Alz03 16.31 16.0.5 15.71 15.19 15.65 16.56 16.81 16.96 16.34 16.57 16.69 16.28 16.51 
Cr203 0.01 0.00 1 0.00 0.00 0.05 0.00 0.05 0.00 0.03 0.00 0.00 0.02 0.00 
FeO 9.73 9.72 8.95 9.27 9.56 9.58 9.62 9.30 8.77 11 .77 12.16 10.99 11.18 
MnO 0.00 0.00 0.03 0.02 0.00 0.09 0.00 0.00 0.05 0.15 0.10 0.00 0.12 
ZnO 0.16 0.22 0.02 0.07 0.17 0.16 0.15 0.03 0.04 0.12 0.09 0.47 0.18 
MgO 19.73 19.93 20.31 19.74 18.91 19.22 19.19 19.43 20.11 17.28 17.72 18.07 18.12 
CaO 0.04 0.01 0.02 0.04 0.04 0.00 0.00 0.01 0.04 0.05 0.02 0.00 0.00 
Na20 0.66 0.77 0.93 0.89 0.80 0.80 0.73 1.83 0.78 0.26 0.26 0.45 0.46 
K20 8.60 8.65 8.25 8.43 7.97 8.43 8.46 8.53 8.22 9.07 8.62 8.43 8.39 
F 0.98 0.95 1.41 1.63 1.35 1.11 0.00 0.46 1.07 0.80 0.45 1.07 0.80 
Cl 0.19 0.19 0.13 0.12 0.12 0.10 0.07 0.11 0.12 0.09 0.11 0.13 0.12 
Total 96.69 97.05 96.56 96.73 96.51 96.05 96.29 97.23 95.64 95 .01 95.05 96.05 95.14 
Atomic proportions based on 22 atoms of oxygen 
Si 5.657 5.679 5.750 5.833 5.892 5.655 5.730 5.636 5.677 5.602 5.568 5.707 5.621 
Ti 0.109 0.108 0.088 0.094 0.090 0.106 0.102 0.102 0.091 0.121 0.121 0.112 0.116 
Al 2.769 2.716 2.664 2.580 2.647 2.829 2.819 2.844 2.786 2.895 2.901 2.797 2.861 
Cr 0.002 0.000 0.000 0.000 0.006 0.000 0.005 0.000 0.003 0.000 0.000 0.002 0.000 
Fe 1.172 1.167 1.077 1.117 1.147 1.161 1.144 1.107 1.061 1.459 1.500 1.340 1.374 
Mn 0.000 0.000 0.004 0.003 0.000 0.011 0.000 0.000 0.006 0.019 0.013 0.000 0.015 
Zn 0.017 0.023 0.002 0.008 0.018 0.017 0.015 0.003 0.004 0.013 0.009 0.051 0.020 
Mg 4.236 4.264 4.355 4.241 4.046 4.153 4.071 4.121 4.336 3.820 3.897 3.927 3.972 
Ca 0.005 0.001 0.003 0.006 0.007 0.000 0.000 0.001 0.007 0.008 0.003 0.000 0.001 
Na 0.184 0.215 0.259 0.249 0.222 0.225 0.202 0.505 0.219 0.073 0.074 0.126 0.131 
K 1.580 1.583 1.514 1.551 1.458 1.559 1.535 1.548 1.516 1.714 1.621 1.567 1.573 
F 0.447 0.431 0.641 0.742 0.613 0.510 0.000 0.207 0.490 0.376 0.208 0.491 0.372 
Cl 0.047 0.046 0.033 0.029 0.029 0.025 0.017 0.026 0.030 0.023 0.027 0.032 0.030 ........ 00 
Total 16.225 16.233 16.390 16.453 16.175 16.251 15.640 16.10016.226 16.123 15.942 16.152 16.086 
vJ 
Table 5. Chemical compositions of chlorite from the Independence deposit. 
Mineral Mg-rich chlorite 
Wt. % AHCO125 AHCO131 AHCO130 AHCO133 AHCO131 AHCO137 AHCO131 
Si02 27.59 25.88 28.20 26.92 26.75 28.88 27.58 28 .10 26.51 24. 70 25 .62 27 .23 28.40 27.13 27.71 27.20 27.89 
Ti02 0.03 0.05 0.09 0.07 0.09 0.04 0.05 0.02 0.02 0.00 0.01 0.12 0.05 0.03 0.05 0.07 0.10 
A)i03 22.68 23.01 21.58 21.98 22.12 21.63 21.62 20.62 21.57 21.03 21.36 22.90 21.14 22.10 22.39 22.55 23.48 
Cr203 0.00 0.05 0.00 0.11 0.00 0.09 0.00 0.02 0.00 0.02 0.00 0.00 0.01 0.00 0.02 0.00 0.00 
FeO 13 .17 13.61 13.38 11.45 11.28 11.19 10.80 10.60 22.67 22.91 23.20 10.98 12.97 13.90 12.82 10.86 11.71 
MnO 0.11 0.12 0.10 0.00 0.14 0.10 0.03 0.15 0.51 0.55 0.39 0.02 0.05 0.18 0.03 0.05 0.05 
ZnO 0.17 0.17 0.33 0.00 0.22 0.18 0.07 0.33 0.84 0.62 0.89 0.25 0.24 0.21 0.24 0.15 0.11 
MgO 22.60 22.63 22.82 25 .04 24.66 25.76 26.06 25.24 16.68 16.13 16.28 23.60 24.17 23.78 23.76 23.78 25.25 
CaO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01 0.01 0.00 0.00 
Na20 0.08 0.05 0.03 0.03 0.00 0.01 0.03 0.03 0.03 0.02 0.00 0.00 0.06 0.05 0.07 0.00 0.01 
K20 0.07 0.03 0.16 0.07 0.03 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.04 0.03 0.04 0.00 0.00 
F 0.01 0.27 0.00 0.05 0.10 0.02 0.00 0.10 0.06 0.24 0.00 0.12 0.18 0.35 0.06 0.17 0.00 
Cl 0.05 0.06 0.03 0.05 0.03 0.05 0.06 0.07 0.08 0.02 0.08 0.03 0.05 0.02 0.03 0.02 0.03 
Total 86.57 85.94 86.71 85.76 85.41 87.97 86.30 85.29 88.98 86.25 87.85 85.27 87.38 87.79 87.22 84.86 88.61 
Atomic proportions based on 14 atoms of oxygen 
Si 2.752 2.625 2.813 2.694 2.690 2.805 2.730 2.818 2.727 2.645 2.683 2.728 2.810 2.697 2.741 2.739 2.693 
Ti 0.002 0.004 0.007 0.005 0.007 0.003 0.004 0.002 0.001 0.000 0.001 0.009 0.004 0.002 0.004 0.005 0.007 
Al 2.666 2.751 2.537 2.592 2.621 2.475 2.522 2.437 2.615 2.654 2.636 2. 705 2.466 2.589 2.610 2.676 2.672 
Cr 0.000 0.004 0.000 0.008 0.000 0.007 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.000 
Fe 1.098 1.155 1.116 0.958 0.949 0.909 0.894 0.889 1.950 2.051 2.032 0.920 1.073 1.156 1.060 0.914 0.946 
Mn 0.009 0.011 0.009 0.000 0.012 0.008 0.003 0.013 0.045 0.050 0.034 0.002 0.004 0.015 0.003 0.005 0.004 
Zn 0.013 0.013 0.024 0.000 0.016 0.013 0.005 0.025 0.064 0.049 0.069 0.019 0.018 0.016 0.017 0.011 0.008 
Mg 3.360 3.423 3.393 3.735 3.696 3.729 3.845 3.773 2.557 2.574 2.542 3.526 3.565 3.523 3.504 3.569 3.634 
Ca 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.001 0.001 0.000 0.000 
Na 0.015 0.010 0.005 0.005 0.000 0.001 0.006 0.006 0.006 0.005 0.001 0.000 0.011 0.009 0.013 0.000 0.001 
K 0.009 0.003 0.020 0.009 0.004 0.001 0.001 0.002 0.002 0.001 0.001 0.003 0.005 0.004 0.005 0.000 0.000 
F 0.004 0.087 0.001 0.017 0.030 0.007 0.000 0.031 0.020 0.081 0.000 0.038 0.056 0.110 0.018 0.054 0.000 
Cl 0.008 0.011 0.005 0.008 0.004 0.008 0.010 0.012 0.013 0.004 0.014 0.005 0.008 0.004 0.004 0.004 0.004 
Total 9.937 10.097 9.930 10.031 10.029 9.966 10.020 10.009 10.000 10.115 10.013 9.955 10.024 10.126 9.981 9.977 9.969 
....... 
00 
Table 6. Chemical compositions of Zn- and Mn-bearing ilmenite from the Independef!C~_c:!_eQosit. 
Mineral Zn-Mn Ilmenite Mn Ilmenite Zn Ilmenite 
Wt.% AHCO137 AHCO129 
Si02 0.20 0.19 0.12 0.11 0.07 0.11 0.26 0.10 0.15 0.42 0.30 0.24 0.07 0.10 
Ti02 50.83 50.14 50.17 48.57 50.97 50.72 49.13 49.25 49.29 49.16 50.01 50.25 50.74 50.22 
A(z03 0.17 0.15 0.16 0.21 0.10 0.12 0.33 0.23 0.23 0.22 0.17 0.17 0.07 0.12 
Cr203 0.00 0.07 0.00 0.12 0.00 0.06 0.00 0.07 0.08 0.11 0.01 0.00 0.09 0.01 
FeO 41.92 44.27 43.60 43.41 40.12 38.62 44.62 44.68 43.76 35.22 36.42 37.83 43.79 44.96 
MnO 4.75 4.54 4.59 4.66 5.07 5.36 4.84 4.56 3.20 2.83 3.00 2.63 3.24 2.58 
ZnO 2.57 0.19 0.69 0.58 3.35 4.84 0.21 0.17 2.05 9.58 8.78 8.47 2.22 0.81 
MgO 0.06 0.22 0.20 0.20 0.13 0.15 0.21 0.19 0.17 0.25 0.22 0.15 0.19 0.23 
CaO 0.04 0.02 0.01 0.02 0.01 0.01 0.03 0.02 0.08 0.05 0.01 0.01 0.04 0.00 
Na20 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.01 0.02 0.01 0.01 0.00 0.02 0.02 0.00 0.03 0.06 0.14 0.00 0.00 0.01 
F 0.00 0.00 0.00 0.23 0.13 0.00 0.47 0.00 0.37 0.49 0.20 0.00 0.00 0.00 
Cl 0.04 0.04 0.03 0.07 0.05 0.06 0.03 0.04 0.05 0.06 0.04 0.03 0.02 0.07 
Total 100.60 99.86 99.58 98.17 100.00 100.06 100.17 99.32 99.48 98.45 99.31 99.76 100.48 99.13 
Atomic proportions based on 3 atoms of oxygen 
Si 0.005 0.005 0.003 0.003 0.002 0.003 0.007 0.003 0.004 0.011 0.008 0.006 0.002 0.003 
Ti 0.970 0.963 0.966 0.955 0.979 0.974 0.948 0.954 0.958 0.967 0.972 0.971 0.970 0.971 
Al 0.005 0.004 0.005 0.006 0.003 0.004 0.010 0.007 0.007 0.007 0.005 0.005 0.002 0.004 
Cr 0.000 0.001 0.000 0.002 0.000 0.001 0.000 0.001 0.002 0.002 0.000 0.000 0.002 0.000 
Fe 0.889 0.945 0.934 0.949 0.857 0.825 0.957 0.963 0.945 0.770 0.787 0.813 0.931 0.966 
Mn 0.102 0.098 0.100 0.103 0.110 0.116 0.105 0.100 0.070 0.063 0.066 0.057 0.070 0.056 
Zn 0.048 0.004 0.013 0.011 0.063 0.091 0.004 0.003 0.039 0.185 0.168 0.161 0.042 0.015 
Mg 0.002 0.008 0.007 0.008 0.005 0.006 0.008 0.007 0.006 0.010 0.009 0.006 0.007 0.009 
Ca 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.002 0.001 0.000 0.000 0.001 0.000 
Na 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.002 0.005 0.000 0.000 0.000 
F 0.000 0.000 0.000 0.019 0.011 0.000 0.038 0.000 0.030 0.040 0.017 0.000 0.000 0.000 
Cl 0.002 0.002 0.001 0.003 0.002 0.003 0.001 0.002 0.002 0.003 0.002 0.001 0.001 0.003 ....... 00 
Total 2.025 2.032 2.029 2.059 2.032 2.024 2.081 2.042 2.066 2.061 2.039 2.020 2.028 2.027 
Vl 
Table 6 ( continued). Chemical compositions of Zn- and Mn-bearing ilmenite from the Independence deposit. 
Mineral Zn Ilmenite Ilmenite Mn Ilmenite 
Wt. % AHCO129 
Si02 0.19 0.24 0.16 0.21 0.20 0.25 0.18 0.16 0.05 0.13 
Ti02 50.55 51 .25 51.18 49.36 49.69 50.53 50.43 49.65 50.10 49.57 
Ali03 0.04 0.07 0.29 0.11 0.14 0.08 0.14 0.22 0.13 0.13 
Cr203 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.09 0.00 
FeO 44.11 44.75 41.78 46.16 44.36 46.62 45.22 45.28 46.18 46.10 
MnO 3.06 2.93 2.83 2.71 2.72 2.76 2.88 3.39 2.37 2.77 
ZnO 2.57 2.09 4.50 0.18 2.22 0.30 0.54 0.32 0.57 1.00 
MgO 0.12 0.20 0.16 0.15 0.08 0.17 0.17 0.16 0.25 0.22 
CaO 0.02 0.02 0.01 0.01 0.04 0.00 0.02 0.02 0.03 0.02 
Na20 0.00 0.00 0.00 0.03 0.00 0.00 0.07 0.03 0.00 0.07 
K20 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.03 0.02 0.00 
F 0.00 0.00 0.1 8 0.00 0.15 0.00 0.00 0.00 0.00 0.48 
Cl 0.03 0.03 0.05 0.07 0.03 0.06 0.05 0.07 0.05 0.07 
Total 100.71 101.57 1 0 1. 1 9 99. 00 99.65 100.77 99.72 99.35 99.84 100.56 
Atomic proportions based on 3 atoms of oxygen 
Si 0.005 0.006 0.004 0.005 0.005 0.006 0.005 0.004 0.001 0.003 
Ti 0.966 0.968 0.972 0.959 0.961 0.963 0.969 0.960 0.964 0.955 
Al 0.001 0.002 0.009 0.003 0.004 0.002 0.004 0.007 0.004 0.004 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 
Fe 0.937 0.940 0.883 0.997 0.955 0.988 0.966 0.973 0.988 0.988 
Mn 0.066 0.062 0.060 0.059 0.059 0.059 0.062 0.074 0.051 0.060 
Zn 0.048 0.039 0.084 0.003 0.042 0.006 0.010 0.006 0.011 0.019 
Mg 0.005 0.007 0.006 0.006 0.003 0.006 0.007 0.006 0.010 0.008 
Ca 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 
Na 0.000 0.000 0.000 0.001 0.000 0.000 0.004 0.002 0.000 0.004 
K 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.000 
F 0.000 0.000 0.015 0.000 0.012 0.000 0.000 0.000 0.000 0.039 
Cl 0.001 0.001 0.002 0.003 0.001 0.003 0.002 0.003 0.002 0.003 ...... 00 
Total 2.029 2.025 2.036 2.036 2.044 2.033 2.030 2.036 2.035 2.083 0\ 
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Table 1. Chemical compositions of spinet from the Betty deposit. 
Mineral Hercynite Gahnite Hercynite 
Wt.% 99CO90 99CO94 99CO89 99CO87 (rim) 
Si02 0.06 0.21 0.12 0.31 0.32 0.14 0.16 0.06 0.07 0.07 0.00 0.00 0.03 0.09 0.04 
Ti02 0.02 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 
Alz03 61.31 60.97 59.87 58.47 56.64 60.68 58.10 59.17 59.15 62.62 59.53 59.50 59.47 59.54 62.10 
FeO 27.03 27.91 27.45 9.79 9.28 13.16 12.80 8.71 8.96 8.78 27.41 27.55 27.42 27.57 27.63 
MnO 0.11 0.07 0.05 0.12 0.07 0.19 0.17 0.08 0.02 0.18 0.12 0.22 0.14 0.10 0.12 
ZnO 4.29 4.32 4.18 28 .63 29 .49 25 .16 25 .3 7 22.64 23.69 22.91 4.86 4.96 4.88 3.94 4.00 
MgO 7.66 7.08 7.80 1.99 2.47 2.38 2.93 7.32 7.47 7.27 6.40 6.70 6.21 6.58 6.96 
CaO 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.03 
Na20 0.00 0.00 0.00 0.41 0.13 0.05 0.00 0.00 1.22 0.00 0.23 0.30 0.34 0.21 0.28 
K20 0.01 0.00 0.00 0.05 0.01 0.05 0.05 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 
F 0.07 0.00 0.27 0.05 0.62 0.00 0.07 0.83 0.00 0.00 0.00 0.00 0.17 0.11 0.04 
Cl 0.08 0.08 0.05 0.07 0.09 0.06 0.11 0.05 0.05 0.07 0.01 0.01 0.02 0.01 0.01 
Total 100.65 100.71 99.80 99.89 99.12 101.90 99.77 98.88 100.63 l 0 1.92 98.57 99.26 98.69 98.15 101.20 
Atomic proportions based on 4 atoms of oxygen 
Si 0.002 0.006 0.003 0.009 0.009 0.004 0.005 0.002 0.002 0.002 0.000 0.000 0.001 0.002 0.001 
Ti 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.982 1.976 1.963 2.015 1.990 2.029 1.999 1.997 1.963 2.020 1.982 1.970 1.982 1.984 1.996 
Fe 0.620 0.642 0.639 0.239 0.231 0.312 0.313 0.208 0.211 0.201 0.647 0.647 0.648 0.652 0.630 
Mn 0.002 0.002 0.001 0.003 0.002 0.005 0.004 0.002 0.001 0.004 0.003 0.005 0.003 0.002 0.003 
Zn 0.087 0.088 0.086 0.618 0.649 0.527 0.547 0.479 0.493 0.463 0.101 0.103 0.102 0.082 0.081 
Mg 0.313 0.290 0.324 0.087 0.110 0.101 0.128 0.312 0.313 0.297 0.269 0.281 0.262 0.277 0.283 
Ca 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Na 0.000 0.000 0.000 0.023 0.007 0.003 0.000 0.000 0.067 0.000 0.013 0.016 0.019 0.012 0.015 
K 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.006 0.000 0.024 0.005 0.059 0.000 0.006 0.075 0.000 0.000 0.000 0.000 0.016 0.010 0.003 
Cl 0.004 0.004 0.003 0.003 0.004 0.003 0.005 0.003 0.003 0.003 0.001 0.001 0.001 0.000 0.000 
Total 3.016 3.010 3.043 3.004 3.062 2.986 3.009 3.079 3.053 2.990 3.016 3.023 3.034 3.021 3.013 ....... 00 
00 
Table 1 ( continued). Chemical compositions of spin el from the Betty deposit. 
Mineral Hercyni te (core) Gahnite Gahnite 
Wt.% 99CO87 99CO93 Wt.% US99-l 4B 1-4 
Si02 0.03 0.08 0.00 0.00 0.00 0.00 0.01 0.13 0.23 Si02 <0.04 0.04 < 0.03 0.04 <0.04 
Ti02 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 Ti02 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
Ali03 59.93 61.23 59.56 60.24 60.07 61.52 60.42 62.31 60.66 AJi03 57.11 57.53 56.67 56.82 57.08 
FeO 27.42 28.48 28.62 28.65 26.58 26.84 28.04 6.50 6.77 FeO 13.47 13.66 13.06 13.96 13.83 
MnO 0.16 0.07 0.11 0.11 0.11 0.16 0.10 0.11 0.19 MnO 0.14 0.13 0.11 0.14 0.14 
ZnO 4.09 3.84 4.21 4.09 4.31 4.46 4.22 21.90 21.40 ZnO 25.41 25.39 26.72 25.55 25.46 
MgO 7.07 7.41 7.10 7.11 7.62 7.81 7.84 9.19 8.73 MgO 3.43 3.12 3.35 3.13 3.21 
CaO 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Na20 0.31 0.14 0.20 0.22 0.23 0.26 0.18 1.13 1.24 
K20 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.02 0.00 
F 0.00 0.00 0.10 0.00 0.29 0.00 0.00 0.00 0.00 Cr203 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
Cl 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.06 0.08 V203 < 0.01 < 0.01 < 0.01 <0.01 <0.01 
Total 99.06 101.27 99.93 100.43 99.22 101.08 100.81 101.35 99.30 Total 99.56 99.87 99.91 99.65 99.72 
Atomic proportions based on 4 atoms of oxygen 
Si 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.004 0.006 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.976 1.973 1.960 1.967 1.976 1.979 1.960 1.999 1.992 Atomic proportions based on 4 atoms of oxygen 
Fe 0.642 0.651 0.668 0.664 0.621 0.613 0.645 0.148 0.158 Si 0.000 0.001 0.000 0.001 0.000 
Mn 0.004 0.002 0.003 0.003 0.002 0.004 0.002 0.003 0.005 Ti 0.000 0.000 0.000 0.000 0.000 
Zn 0.084 0.078 0.087 0.084 0.089 0.090 0.086 0.440 0.440 Al 1.977 1.984 1.966 1.972 1.976 
Mg 0.295 0.302 0.296 0.294 0.317 0.318 0.322 0.373 0.363 Cr 0.000 0.000 0.000 0.000 0.000 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Fe 0.331 0.334 0.321 0.344 0.340 
Na 0.017 0.007 0.011 0.012 0.012 0.014 0.010 0.060 0.067 Mn 0.004 0.003 0.003 0.004 0.003 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 Zn 0.551 0.549 0.581 0.556 0.552 
F 0.000 0.000 0.009 0.000 0.026 0.000 0.000 0.000 0.000 Mg 0.150 0.136 0.147 0.137 0.140 
Cl 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.003 0.004 V 0.000 0.000 0.000 0.000 0.000 
Total 3.020 3.016 3.034 3.024 3.043 3.018 3.025 3.030 3.035 Total 3.012 3.007 3.017 3.013 3.012 ....... 00 
'-0 
Table 1 ( continued). Chemical compositions of spinel from the Betty deposit. 
Mineral Gahnite 
Wt. % 99CO89 
Si02 0.02 0.09 0.10 0.17 
Ti02 0.00 0.04 0.01 0.00 
Ali03 60.34 62.00 60.86 58.77 
FeO 8.54 8.77 8.54 8.45 
MnO 0.01 0.00 0.05 0.00 
ZnO 23.32 22.79 23.19 23.68 
MgO 7.73 7.45 7.47 6.98 
CaO 0.00 0.00 0.00 0.00 
Na20 0.00 0.00 0.00 0.00 
K20 0.00 0.02 0.01 0.02 
F 0.00 0.17 0.00 0.00 
Cl 0.05 0.05 0.07 0.08 
Total 100.01 101.37 100.29 98.14 
Atomic proportions based on 4 atoms of oxygen 
Si 0.001 0.003 0.003 0.005 
Ti 0.000 0.001 0.000 0.000 
Al 1.995 2.014 2.003 1.990 
Fe 0.200 0.202 0.199 0.203 
Mn 0.000 0.000 0.001 0.000 
Zn 0.483 0.464 0.478 0.503 
Mg 0.323 0.306 0.311 0.299 
Ca 0.000 0.000 0.000 0.000 
Na 0.000 0.000 0.000 0.000 
K 0.000 0.001 0.000 0.001 
F 0.000 0.014 0.000 0.000 
CI 0.002 0.002 0.003 0.004 
Total 3.004 3.007 2.998 3.005 ...... \0 
0 
Table 2. Chemical compositions of amphibole, cordierite, and sillimanite from the Betty deposit. 
Mineral Antho2h~ lli te Cordierite Sillimanite 
Wt. % 99CO89 99CO94 
Si02 57.63 56.34 56.41 55.49 56.01 57.66 55.54 56.05 49.57 49.00 49.44 51.20 36.14 37.84 
Ti02 0.02 0.00 0.00 0.06 0.05 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.01 0.02 
Ali03 1.24 1.35 1.46 0.95 0.85 1.09 1.06 0.78 30.92 34.89 32.26 29.36 65.47 60.86 
FeO 12.98 13.10 12.64 13.01 13.00 12.42 12.64 14.66 6.06 6.62 6.97 6.82 0.11 0.23 
MnO 0.58 0.49 0.49 0.54 0.48 0.46 0.60 0.58 0.14 0.44 0.22 0.20 0.00 0.00 
ZnO 0.13 0.16 0.35 0.35 0.13 0.13 0.11 0.53 0.07 0.20 0.01 0.04 0.00 0.00 
MgO 24.72 25.62 25.78 25.77 25.35 26.02 25.80 23.69 8.76 7.21 8.01 9.58 0.02 0.00 
CaO 0.45 0.53 0.54 0.51 0.51 0.49 0.49 0.39 0.05 0.05 0.00 0.02 0.00 0.02 
Na20 0.09 0.22 0.25 0.20 0.10 0.07 0.17 0.07 0.29 0.16 0.24 0.16 0.01 0.16 
K20 0.02 0.00 0.00 0.03 0.01 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.20 
F 0.00 0.51 1.80 0.40 0.62 0.11 1.05 0.59 0.56 0.18 0.00 0.00 0.11 0.00 
Cl 0.06 0.03 0.06 0.03 0.10 0.05 0.05 0.03 0.18 0.09 0.07 0.05 0.06 0.20 
Total 97 .91 98.36 99.78 97.33 97.20 98.51 97.51 97.42 96.63 98.84 97.22 97.43 101.92 99.51 
Atomic proportions based on 23 atoms of oxygen 18 20 
Si 7.968 7.828 7.820 7.805 7.883 7.917 7.824 7.933 5.174 4.991 5.111 5.276 3.841 4.118 
Ti 0.002 0.000 0.000 0.006 0.006 0.000 0.001 0.003 0.000 0.000 0.000 0.000 0.001 0.001 
Al 0.203 0.221 0.239 0.157 0.141 0.177 0.176 0.130 3.803 4.189 3.93 3.566 8.202 7.805 
Fe 1.501 1.523 1.466 1.530 1.530 1.426 1.489 1.735 0.529 0.564 0.602 0.588 0.010 0.021 
Mn 0.068 0.058 0.057 0.065 0.057 0.053 0.071 0.069 0.013 0.038 0.019 0.017 0.000 0.000 
Zn 0.014 0.016 0.036 0.036 0.013 0.013 0.011 0.054 0.006 0.015 0.001 0.003 0.000 0.000 
Mg 5.094 5.307 5.328 5.405 5.319 5.325 5.418 4.999 1.364 1.095 1.235 1.472 0.002 0.000 
Ca 0.067 0.080 0.080 0.077 0.077 0.072 0.074 0.059 0.006 0.005 0.000 0.002 0.000 0.002 
Na 0.023 0.058 0.068 0.055 0.028 0.019 0.047 0.020 0.059 0.031 0.049 0.033 0.001 0.033 
K 0.003 0.001 0.000 0.006 0.002 0.001 0.000 0.003 0.002 0.000 0.000 0.000 0.000 0.028 
F 0.000 0.225 0.789 0.176 0.276 0.050 0.470 0.264 0.185 0.057 0.000 0.000 0.037 0.000 
Cl 0.013 0.008 0.014 0.008 0.023 0.012 0.011 0.008 0.032 0.016 0.011 0.009 0.011 0.037 
Total 14.956 15 .325 15.897 15 .326 15 .355 15.065 15.592 15 .279 11.173 11.001 10.958 10.966 12.105 12.045 
Table 3. Chemical compositions of phlogopite, corundum, garnet, and cblorite from the Betty deposit. 
Mineral Phlogo2ite Corundum Almandine Chlorite 
Wt. % 99CO90 99CO87 99CO89 
Si02 40.61 40.35 0.00 0.02 0 .00 38.23 38.88 28.87 
Ti02 0.46 0.42 0.02 0.08 0.07 0.03 0.00 0.06 
Alz03 15.74 15.71 100.72 100.10 100.38 21.53 21.14 20.10 
FeO 9.17 9.03 0.40 0.60 0.47 28.38 28 .84 9.14 
MnO 0.00 0.00 0.00 0.03 0.01 1.77 1.94 0.09 
ZnO 0.04 0.10 0.08 0.18 0.12 0.00 0.00 0.47 
MgO 20.68 20 .90 0.00 0.00 0.00 6.01 5.87 26.68 
CaO 0.04 0.00 0.00 0.00 0.01 3.96 3.42 0.00 
Na20 0.53 0.44 0.00 0.01 0.00 0.00 0.00 0.03 
K20 7.20 7.44 0.00 0 .00 0.00 0.00 0.01 0.01 
F 2.38 2.62 0.00 0.00 0.13 0.24 0.05 0.94 
Cl 0.22 0.27 0.00 0.00 0.00 0.00 0.01 0.07 
Total 97.08 97 .28 101.22 101.02 101.19 100.15 100.16 86.45 
Oxygens 22 3 24 
Si 5.823 5.800 0.000 0.002 0.000 5.997 6.086 2.862 
Ti 0.050 0.046 0.000 0.002 0.002 0.004 0.000 0.005 
Al 2.661 2.661 3.990 3.981 3.987 3.980 3.900 2.348 
Fe 1.100 1.085 0.012 0.017 0.014 3.723 3.775 0.758 
Mn 0.000 0.000 0.000 0.002 0.000 0.236 0.258 0.008 
Zn 0.004 0.010 0.002 0.005 0.003 0.000 0.000 0.035 
Mg 4.421 4.479 0.000 0.000 0.000 1.405 1.370 3.943 
Ca 0.006 0.000 0.000 0.000 0.000 0.665 0.574 0.000 
Na 0.148 0.123 0.000 0.000 0.000 0.000 0.000 0.005 
K 1.317 1.364 0.000 0.000 0.000 0.000 0.001 0.001 
F 1.081 1.192 0.000 0.000 0.015 0.119 0.022 0.294 
Cl 0.053 0.065 0.000 0.000 0.000 0.001 0.003 0.011 
Total 16.664 16.825 4.004 4.007 4.020 16.130 15 .989 10.270 ....... l.,O 
N 
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GREEN MOUNTAIN DEPOSIT 
Table 1. Chemical compositions of spinet from the Green Mountain deposit. 
Mineral Hercynite Gahnite 
Wt.% AHCOl l (core) (rim) AHCO12 AHCO18A (rim) (core) 
Si02 0.17 0.22 0.19 0.22 0.30 0.10 0.06 0.03 0.19 0.29 0.31 0.15 0.20 0.27 
Ti02 0.06 0.01 0.05 0.01 0.03 0.00 0.03 0.00 0.01 0.00 0.02 0.00 0.00 0.00 
A)z03 59.11 59.22 59.49 59.60 59.91 58.28 58.26 59.60 56.04 56.24 56.52 55.33 56.00 57.39 
Cr203 0.02 0.00 0.00 0.00 0.00 0.08 0.05 0.00 0.00 0.00 0.04 0.04 0.00 0.03 
FeO 30.78 30.56 30.09 29.18 29.13 18.90 17.84 18.02 11.48 11.62 11.45 11.39 11.43 10.86 
MnO 0.12 0.06 0.06 0.00 0.09 0.04 0.02 0.14 0.03 0.10 0.11 0.13 0.01 0.09 
ZnO 0.18 0.08 0.19 0.21 0.11 14.01 13.61 13.80 29.83 29.89 29.44 29.55 29.80 28.69 
MgO 9.29 8.88 9.79 9.86 9.20 8.75 9.10 8.87 2.45 2.44 2.38 2.45 2.59 2.44 
CaO 0.00 0.00 0.01 0.04 0.03 0.00 0.00 0.00 0.04 0.06 0.04 0.00 0.03 0.07 
Na20 0.03 0.02 0.04 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.03 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
F 0.01 0.00 0.00 0.08 0.08 0.09 0.06 0.00 0.07 0.03 0.22 0.06 0.00 0.07 
Cl 0.04 0.02 0.02 0.02 0.00 0.02 0.04 0.02 0.04 0.02 0.02 0.02 0.04 0.01 
Total 99.83 99.09 99.93 99.24 99.02 100.26 99.08 100.48 100.18 100.68 100.57 99.11 100.10 99.92 
Atomic proportions based on 4 atoms of oxygen 
Si 0.005 0.006 0.005 0.006 0.008 0.003 0.002 . 0.001 0.006 0.009 0.009 0.004 0.006 0.008 
Ti 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.924 1.938 1.926 1.936 1.949 1.928 1.937 1.951 1.960 1.956 1.965 1.957 1.957 1.988 
Cr 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.001 
Fe 0.711 0.710 0.691 0.673 0.672 0.443 0.421 0.418 0.285 0.287 0.282 0.286 0.284 0.267 
Mn 0.003 0.001 0.001 0.000 0.002 0.001 0.001 0.003 0.001 0.002 0.003 0.003 0.000 0.002 
Zn 0.004 0.002 0.004 0.004 0.002 0.290 0.284 0.283 0.654 0.651 0.641 0.655 0.653 0.623 
Mg 0.382 0.367 0.401 0.405 0.378 0.366 0.383 0.367 0.108 0.107 0.105 0.110 0.115 0.107 
Ca 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.002 0.001 0.000 0.001 0.002 
Na 0.002 0.001 0.002 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
F 0.001 0.000 0.000 0.007 0.007 0.008 0.005 0.000 0.006 0.003 0.021 0.005 0.000 0.007 
Cl 0.002 0.001 0.001 0.001 0.000 0.001 0.002 0.001 0.002 0.001 0.001 0.001 0.002 0.001 \0 
Total 3.036 3.027 3.033 3.034 3.027 3.042 3.037 3.024 3.023 3.018 3.030 3.022 3.018 3.006 
Table 1 ( continued). Chemical compositions of spin el from the Green Mountain deposit. 
Mineral Gahnite 
Wt.% AHCO26A (rim) AHCO33 (core) (rim) AHCO34 
Si02 0.14 0.25 0.20 0.17 0.19 0.10 0.15 0.07 0.13 0.24 0.26 0.35 0.40 0.26 0.34 
Ti02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.02 
A(i03 56.96 56.69 56.58 58.27 56.87 58.08 57.98 57.85 56.08 57.85 57.02 56.02 56.51 56.35 56.11 
Cr203 0.00 0.01 0.02 0.07 0.06 0.01 0.00 0.00 0.06 0.00 0.06 0.04 0.05 0.00 0.07 
FeO 10.40 11.26 10.67 11.76 12.07 11.85 11.93 11.73 11.32 11.41 11.13 10.55 11.04 11.16 11.05 
MnO 0.05 0.04 0.06 0.07 0.03 0.06 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.03 
ZnO 28.27 26.78 27.16 27.42 27.17 27.13 27.33 27.59 28.56 28.01 27.80 30.48 30.78 29.61 29.53 
MgO 4.36 4.26 4.19 3.43 3.57 3.42 3.59 3.74 3.10 3.03 3.01 2.24 2.28 2.44 2.32 
CaO 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.02 0.02 0.00 0.00 0.01 
Na20 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
F 0.07 0.00 0.37 0.00 0.00 0.00 0.27 0.04 0.00 0.00 0.00 0.07 0.19 0.00 0.06 
Cl 0.04 0.05 0.08 0.03 0.06 0.07 0.05 0.04 0.04 0.04 0.05 0.05 0.05 0.03 0.04 
Total 100.30 99.35 99.32 101.22 100.03 100.74 101.32 101.07 99.31 100.62 99.38 99.86 101.29 99.87 99.60 
Atomic proportions based on 4 atoms of oxygen 
Si 0.004 0.007 0.006 0.005 0.006 0.003 0.004 0.002 0.004 0.007 0.008 0.010 0.012 0.008 0.010 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Al 1.959 1.961 1.965 1.981 1.964 1.984 1.976 1.974 1.963 1.983 1.980 1.964 1.957 1.968 1.966 
Cr 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.002 
Fe 0.254 0.276 0.263 0.284 0.296 0.287 0.289 0.284 0.281 0.278 0.274 0.263 0.271 0.277 0.275 
Mn 0.001 0.001 0.002 0.002 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 
Zn 0.609 0.580 0.591 0.584 0.588 0.581 0.584 0.590 0.626 0.602 0.605 0.669 0.668 0.648 0.648 
Mg 0.190 0.186 0.184 0.147 0.156 0.148 0.155 0.162 0.137 0.132 0.132 0.099 0.100 0.108 0.103 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.000 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
F 0.006 0.000 0.034 0.000 0.000 0.000 0.025 0.003 0.000 0.000 0.000 0.007 0.018 0.000 0.006 
Cl 0.002 0.003 0.004 0.001 0.003 0.003 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.002 0.002 ...... "'° Total 3.025 3.014 3.049 3.006 3.015 3.008 3.035 3.017 3.015 3.005 3.005 3.018 3.029 3.011 3.013 Vl
Table 2. Chemical compositions of mica from the Green Mountain deposit. 
Mineral Phlogo2ite 
Wt. % AHCOl0 AHCOl 1 AHCO33 AHCO34 
Si02 36.61 35 .91 36.56 35.63 35.03 36.11 39.88 39.75 39.91 37.61 38.77 38.52 38.22 36.84 38.02 
Ti02 0.07 0.11 0.11 2.14 2.26 1.94 0.32 0.34 0.29 1.60 1.34 1.24 1.30 1.96 1.72 
Alz03 20.45 20.43 21.54 20.00 19.13 19.73 14.80 15.02 15.90 16.40 16.20 16.65 17.02 17.35 17.50 
Cr203 0.00 0.02 0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.05 0.01 
FeO 14.55 14.12 13.43 16.99 16.95 17.06 6.59 6.15 6.61 12.01 12.44 12.16 11.93 17.31 17.14 
MnO 0.02 0.04 0.00 0.09 0.10 0.06 0.07 0.02 0.00 0.00 0.00 0.00 0.04 0.00 0.02 
ZnO 0.00 0.00 0.00 0.05 0.22 0.03 0.02 0.12 0.00 0.18 0.33 0.05 0.15 0.21 0.06 
MgO 14.25 14.51 14.77 11.09 10.79 10.77 22.67 22.38 23.23 16.23 16.73 17.65 17.10 12.70 12.84 
CaO 0.07 0.03 0.02 0.01 0.04 0.01 0.01 0.02 0.02 0.07 0.08 0.03 0.01 0.01 0.00 
Na20 0.22 0.24 0.25 0.12 0.08 0.13 0.83 0.76 0.78 0.70 0.57 0.62 0.61 0.49 0.39 
K20 8.95 9.09 8.96 10.04 9.94 9.82 8.55 8.61 8.51 8.35 8.45 8.65 8.60 9.71 9.58 
F 0.61 1.02 0.24 0.85 0.77 0.44 2.20 2.05 1.92 1.34 1.31 1.56 1.66 0.50 0.22 
Cl 0.03 0.03 0.05 0.05 0.04 0.15 0.09 0.05 0.04 0.08 0.11 0.07 0.09 0.14 0.08 
Total 95.83 95.54 95 .95 97.06 95.36 96.25 96.03 95.26 97.20 94.57 96.32 97.19 96.73 97.27 97.58 
Atomic proportions based on 22 atoms of oxygen 
Si 5.408 5.350 5.340 5.324 5.341 5.411 5.770 5.776 5.675 5.626 5.694 5.612 5.599 5.491 5.591 
Ti 0.008 0.012 0.013 0.240 0.259 0.218 0.034 0.037 0.031 0.180 0.148 0.135 0.143 0.220 0.190 
Al 3.561 3.588 3.709 3.522 3.439 3.484 2.524 2.572 2.664 2.892 2.804 2.859 2.937 3.048 3.033 
Cr 0.000 0.002 0.004 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.006 0.001 
Fe 1.798 1.759 1.641 2.123 2.162 2.139 0.798 0.747 0.785 1.502 1.527 1.482 1.461 2.158 2.108 
Mn 0.002 0.005 0.000 0.012 0.013 0.007 0.008 0.002 0.000 0.000 0.000 0.000 0.004 0.000 0.003 
Zn 0.000 0.000 0.000 0.006 0.025 0.004 0.002 0.012 0.000 0.020 0.035 0.005 0.016 0.023 0.006 
Mg 3.140 3.223 3.215 2.470 2.453 2.405 4.890 4.848 4.924 3.619 3.663 3.834 3.733 2.823 2.815 
Ca 3.140 3.223 3.215 2.470 2.453 2.405 0.002 0.003 0.003 0.012 0.012 0.004 0.002 0.002 0.000 
Na 0.063 0.070 0.070 0.034 0.024 0.039 0.232 0.214 0.216 0.202 0.162 0.176 0.174 0.141 0.111 
K 1.688 1.727 1.670 1.913 1.934 1.877 1.579 1.595 1.543 1.593 1.582 1.607 1.607 1.845 1.797 
F 0.285 0.479 0.109 0.403 0.372 0.208 1.005 0.941 0.864 0.632 0.610 0.717 0.767 0.236 0.103 
Cl 0.006 0.006 0.013 0.012 0.011 0.038 0.023 0.012 0.010 0.019 0.026 0.017 0.023 0.036 0.021 ...... \0 
Total 15.970 16.225 15.785 16.062 16.042 15.833 16.867 16.759 16.716 16.297 16.263 16.448 16.468 16.029 15.779 0\ 
Table 2 ( continued). Chemical compositions of mica from the Qreen Mountain deposit. 
Mineral Biotite Biotite-12hlogoeite 
Wt.% AHCO34 
Si02 37.71 35.90 36.87 37.91 38.15 37.53 37.09 36.84 37.18 37.76 38.13 37.60 38.11 37.50 
Ti02 1.49 1.99 1.73 1.70 1.64 1.61 1.84 1.90 1.90 1.71 1.73 1.52 1.54 1.60 
A(i03 17.74 17.74 17.38 17.29 17.20 16.76 17.98 17.92 18.16 17.94 17.53 17.39 16.83 17.83 
Cr203 0.00 0.07 0.07 0.03 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
FeO 17.35 16.88 14.56 15.42 14.86 16.53 15.50 15.10 15.08 15.21 15.39 15.60 15.18 15.37 
MnO 0.06 0.04 0.02 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.02 0.00 0.02 0.00 
ZnO 0.22 0.35 0.14 0.13 0.18 0.26 0.25 0.00 0.12 0.00 0.02 0.30 0.19 0.24 
MgO 12.64 12.63 13.98 14.03 14.72 14.i0 14.16 13.68 14.05 14.58 14.33 13.38 14.13 14.23 
CaO 0.01 0.03 0.00 0.02 0.00 0.0 1 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 
Na20 0.39 0.48 0.49 0.47 0.54 0.56 0.49 0.55 0.51 0.60 0.52 0.65 0.59 0.43 
K20 9.33 9.52 9.54 9.53 9.59 9.0 1 9.44 9.52 9.58 9.46 9.50 8.93 9.39 9.52 
F 0.58 0.47 0.74 0.54 0.75 1.0~ 0.72 0.49 0.60 0.48 0.56 0.23 0.56 0.26 
Cl 0.10 0.11 0.10 0.11 0.09 0.09 0.09 0.11 0.11 0.14 0.14 0.17 0.11 0.10 
Total 97.61 96.21 95 .62 97.17 97.76 97.57 97.59 96.10 97.27 97.88 97.87 95.86 96.66 97.07 
Atomic proportions based on 22 atoms of oxygen 
Si 5.570 5.407 5.524 5.581 5.582 5.561 5.457 5.482 5.469 5.506 5.566 5.594 5.636 5.513 
Ti 0.166 0.225 0.195 0.188 0.180 0.179 0.204 0.212 0.210 0.187 0.190 0.171 0.172 0.176 
Al 3.089 3.150 3.069 3.000 2.965 2.926 3.118 3.143 3.148 3.083 3.016 3.050 2.933 3.088 
Cr 0.000 0.009 0.008 0.003 0.004 0.003 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 
Fe 2.144 2.127 1.824 1.899 1.818 2.049 1.908 1.879 1.855 1.855 1.879 1.941 1.878 1.890 
Mn 0.008 0.005 0.002 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.003 0.000 0.003 0.000 
Zn 0.024 0.039 0.016 0.014 0.020 0.028 0.027 0.000 0.013 0.000 0.002 0.033 0.021 0.026 
Mg 2.783 2.837 3.122 3.079 3.212 3.116 3.106 3.036 3.080 3.170 3.119 2.969 3.115 3.119 
Ca 0.002 0.005 0.000 0.004 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 
Na 0.111 0.141 0.142 0.134 0.154 0.161 0.141 0.159 0.145 0.169 0.146 0.188 0.168 0.124 
K 1.758 1.829 1.824 1.790 1.790 1.702 1.771 1.807 1.797 1.760 1.770 1.694 1.772 1.785 
F 0.269 0.224 0.350 0.253 0.348 0.512 0.336 0.230 0.277 0.222 0.260 0.110 0.262 0.119 
Cl 0.024 0.028 0.026 0.027 0.023 0.022 0.023 0.028 0.027 0.034 0.034 0.044 0.028 0.024 1--' \.0 
Total 15.948 16.026 16.102 15.972 16.096 16.261 16.095 15.976 16.021 15.986 15.985 15.805 15.988 15.864 -..J 
Table 3. Chemical compositions of garnet from the Green Mountain deposit. 
Mineral Almandine ( + QYfOQe) 
Wt.% AHCOl0 (core) (rim) AHCO34 
Si02 38.10 38.54 38.21 38.01 37.90 39.25 38.26 37.35 37.44 38.28 38.23 38.33 38.46 
Ti02 0.00 0.00 0.01 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 
AJi03 21.38 21.11 21.40 21.51 21.99 20.61 20.10 21.45 20.76 20.39 20.45 20.96 20.83 
Cr203 0.00 0.03 0.00 0.00 0.01 0.00 0.08 0.05 0.00 0.00 0.00 0.00 0.00 
FeO 32.06 32.40 32.37 31.68 31.83 31 .98 31.80 31.72 32.45 32.17 32.37 32.30 32.42 
MnO 1.75 1.57 1.70 1.69 1.51 1.76 2.25 2.39 2.38 2.31 2.38 2.25 2.81 
ZnO 0.00 0.03 0.01 0.00 0.12 0.14 0.06 0.10 0.15 0.00 0.03 0.07 0.02 
MgO 5.75 5.76 5.83 6.28 6.17 5.94 5.99 4.97 5.00 5.03 5.03 4.79 4.46 
CaO 1.20 1.27 1.29 1.17 1.27 1.19 1.54 1.43 1.47 1.46 1.49 1.49 1.41 
Na20 0.00 0.01 0.01 0.06 0.03 0.04 0.01 0.00 0.04 0.00 0.03 0.00 0.00 
K20 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
F 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 
Cl 0.01 0.02 0.00 0.02 0.06 0.00 0.05 0.03 0.05 0.02 0.06 0.06 0.04 
Total 100.27 100.74 100.87 100.40 100.89 100.92 100.17 99.48 99.73 99.77 100.06 100.25 100.45 
Atomic proportions based on 24 atoms of oxygen 
Si 6.009 6.052 5.999 5.977 5.935 6.139 6.068 5.966 5.994 6.103 6.083 6.075 6.096 
Ti 0.001 0.000 0.001 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 
Al 3.974 3.907 3.960 3.986 4.058 3.799 3.757 4.038 3.917 3.831 3.834 3.916 3.891 
Cr 0.000 0.004 0.000 0.000 0.001 0.000 0.010 0.006 0.000 0.000 0.000 0.000 0.000 
Fe 4.228 4.255 4.251 4.166 4.168 4.182 4.217 4.238 4.345 4.290 4.308 4.282 4.298 
Mn 0.234 0.209 0.226 0.225 0.200 0.233 0.302 0.323 0.323 0.312 0.320 0.302 0.377 
Zn 0.000 0.004 0.001 0.000 0.014 0.016 0.007 0.011 0.018 0.000 0.004 0.008 0.002 
Mg 1.353 1.347 1.365 1.471 1.441 1.385 1.417 1.183 1.193 1.195 1.192 1.132 1.053 
Ca 0.203 0.213 0.217 0.197 0.213 0.200 0.262 0.244 0.252 0.250 0.253 0.252 0.240 
Na 0.000 0.002 0.002 0.017 0.009 0.012 0.001 0.000 0.013 0.000 0.010 0.000 0.000 
K 0.002 0.002 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.001 0.002 0.002 
F 0.000 0.000 0.024 0.000 0.000 0.000 0.000 0.000 0.000 0.054 0.000 0.000 0.000 
Cl 0.003 0.004 0.000 0.004 0.015 0.000 0.014 0.008 0.013 0.006 0.015 0.015 0.010 ....... I..O 
Total 16.007 15.999 16.046 16.043 16.054 15.968 16.059 16.017 16.068 16.041 16.020 15.984 15.969 00 
Table 3 ( continued). Chemical compositions of garnet from the _G_!een Mountain deposit. 
Mineral Almandine 
Wt. % AHCO34 (core) 
Si02 38.81 37.97 37.71 38.04 39.16 37.20 36.55 37.62 39.15 37.02 37.63 38.14 38.93 39.14 38.29 
Ti02 0.03 0.03 0.06 0.00 0.02 0.02 0.00 0.03 0.04 0.00 0.02 0.00 0.00 0.00 0.01 
Al203 20.74 20.67 21.02 20.98 20.36 20.67 21.66 22.14 20.51 21.06 20.45 20.78 19.55 20.33 20.28 
Cr203 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.00 0.03 0.02 0.05 0.00 
FeO 32.84 32.61 34.18 33.33 33.27 34.52 32.57 33.29 31.90 32.54 32.84 33.42 31.64 31.14 32.06 
MnO 2.35 2.53 2.81 2.45 2.77 2.80 2.49 2.67 2.01 2.41 2.62 2.72 2.06 2.15 2.18 
ZnO 0.00 0.12 0.00 0.04 0.13 0.09 0.08 0.00 0.20 0.04 0.00 0.08 0.16 0.00 0.09 
MgO 4.26 4.46 3.63 3.80 3.81 3.48 4.22 3.73 5.22 4.66 4.17 3.85 5.32 5.31 5.15 
CaO 1.49 1.52 1.43 1.37 1.32 1.34 1.39 1.31 1.50 1.46 1.39 1.37 1.61 1.57 1.51 
Na20 0.00 0.00 0.01 0.00 0.03 0.00 0.00 0.01 0.09 0.10 0.00 0.04 0.03 0.14 0.05 
K20 0.00 0.02 0.04 0.04 0.04 0.03 0.00 0.05 0.01 0.00 0.02 0.00 0.02 0.04 0.02 
F 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.13 0.08 0.00 
Cl 0.05 0.04 0.05 0.02 0.05 0.04 0.04 0.05 0.09 0.02 0.03 0.05 0.07 0.06 0.07 
Total 100.66 99.95 100.93 100.06 100.96 100.19 99.00 100.90 100.74 99.35 99.18 100.48 99.53 100.00 99.70 
Atomic proportions based on 24 atoms of oxygen 
Si 6.138 6.063 6.009 6.075 6.193 5.994 5.904 5.958 6.154 5.955 6.067 6.078 6.209 6.185 6.105 
Ti 0.004 0.003 0.007 0.000 0.003 0.003 0.000 0.004 0.004 0.000 0.003 0.000 0.000 0.000 0.001 
Al 3.865 3.890 3.948 3.948 3.795 3.926 4.123 4.134 3.800 3.992 3.886 3.903 3.676 3.785 3.811 
Cr 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.006 0.000 0.004 0.002 0.006 0.000 
Fe 4.344 4.354 4.555 4.451 4.400 4.652 4.400 4.410 4.194 4.377 4.429 4.454 4.221 4.115 4.275 
Mn 0.314 0.342 0.379 0.332 0.371 0.382 0.341 0.358 0.268 0.329 0.358 0.367 0.278 0.288 0.294 
Zn 0.000 0.014 0.000 0.004 0.015 0.011 0.009 0.000 0.023 0.004 0.000 0.009 0.019 0.000 0.011 
Mg 1.005 1.061 0.863 0.903 0.898 0.836 1.016 0.880 1.223 1.118 1.003 0.914 1.265 1.252 1.223 
Ca 0.253 0.260 0.243 0.235 0.223 0.232 0.241 0.222 0.252 0.251 0.240 0.234 0.274 0.266 0.258 
Na 0.000 0.000 0.003 0.000 0.010 0.000 0.000 0.002 0.026 0.030 0.000 0.013 0.008 0.042 0.015 
K 0.000 0.004 0.008 0.007 0.007 0.007 0.001 0.010 0.001 0.000 0.004 0.001 0.005 0.008 0.005 
F 0.028 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.063 0.039 0.000 
Cl 0.014 0.010 0.012 0.004 0.013 0.010 0.010 0.014 0.023 0.006 0.009 0.013 0.019 0.015 0.017 \0 
Total 15.968 16.001 16.027 15.959 15.928 16.053 16.045 15 .999 15.974 16.068 15.999 15.990 16.039 16.001 16.015 \0 
Table 4. Chemical compositions of amphiboles from the Green Mountain deposit. 
Mineral Gedrite Hornblende Cummingtonite Gedrite 
Wt.% AHCOl l AHCO18A AHCO26A AHCO33 
Si02 48.89 47.87 47.94 47.96 43.83 43.20 44.08 42.91 53.05 54.62 55.35 54.96 49.51 49.97 
Ti02 0.04 0.07 0.10 0.06 0.25 0.20 0.22 0.23 0.01 0.07 0.10 0.09 0.12 0.11 
Alz03 9.45 10.06 9.88 10.59 12.38 13.34 12.66 13.64 1.45 2.00 1.47 1.89 7.75 8.37 
Cr203 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.11 0.10 0.03 0.00 0.00 
FeO 16.02 15.90 15.52 15.32 15.75 15.90 16.10 15.76 21.19 17.77 18.09 17.53 21.83 21.53 
MnO 0.10 0.18 0.14 0.13 0.35 0.25 0.35 0.44 1.15 0.66 0.78 0.65 0.23 0.25 
ZnO 0.05 0.09 0.00 0.00 0.08 0.29 0.22 0.08 0.59 0.38 0.47 0.02 0.20 0.38 
MgO 21.48 21.19 21.17 21.61 12.28 11.88 12.29 11.63 18.69 21.09 20.69 20.67 17.78 16.98 
CaO 0.51 0.52 0.53 0.52 10.90 11.11 10.64 10.80 0.92 0.68 0.48 0.82 0.46 0.45 
Na20 1.26 1.25 1.24 1.24 1.29 1.31 1.26 1.73 0.07 0.28 0.27 0.38 0.79 0.88 
K20 0.00 0.02 0.02 0.02 0.59 0.59 0.59 0.51 0.03 0.01 0.01 0.00 0.01 0.01 
F 0.43 0.66 0.85 0.64 0.44 0.58 0.03 0.23 0.29 0.42 0.82 0.82 0.20 0.21 
Cl 0.02 0.01 0.01 0.03 0.03 0.02 0.02 0.01 0.01 0.05 0.08 0.03 0.04 0.05 
Total 98.25 97.81 97.44 98.13 98.17 98.68 98.45 97.99 97.45 98.11 98.70 97.89 98.91 99.18 
Atomic proportions based on 23 atoms of oxygen 
Si 6.948 6.859 6.893 6.824 6.502 6.398 6.494 6.374 7.784 7.796 7.892 7.865 7.150 7.181 
Ti 0.004 0.007 0.011 0.007 0.028 0.022 0.025 0.025 0.001 0.007 0.010 0.009 0.013 0.012 
Al 1.583 1.698 1.674 1.775 2.164 2.329 2.199 2.387 0.250 0.336 0.246 0.319 1.319 1.418 
Cr 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.003 0.000 0.013 0.011 0.004 0.000 0.000 
Fe 1.904 1.905 1.867 1.823 1.954 1.970 1.984 1.958 2.600 2.121 2.157 2.098 2.637 2.588 
Mn 0.013 0.021 0.017 0.016 0.043 0.032 0.043 0.056 0.143 0.080 0.094 0.078 0.028 0.031 
Zn 0.005 0.010 0.000 0.000 0.008 0.032 0.024 0.009 0.064 0.040 0.049 0.002 0.022 0.040 
Mg 4.550 4.526 4.538 4.584 2.716 2.624 2.699 2.577 4.088 4.487 4.397 4.410 3.828 3.637 
Ca 0.078 0.079 0.082 0.080 1.732 1.763 1.679 1.718 0.145 0.104 0.073 0.126 0.071 0.069 
Na 0.347 0.348 0.346 0.342 0.372 0.377 0.359 0.500 0.021 0.076 0.075 0.105 0.222 0.245 
K 0.000 0.004 0.003 0.003 0.112 0.112 0.111 0.097 0.005 0.001 0.002 0.001 0.001 0.001 
F 0.195 0.297 0.388 0.289 0.206 0.272 0.012 0.107 0.135 0.190 0.370 0.369 0.091 0.097 
Cl 0.004 0.002 0.003 0.007 0.008 0.006 0.004 0.001 0.003 0.012 0.019 0.007 0.011 0.012 N 0 
Total 15.631 15.757 15.824 15.750 15.845 15.937 15.633 15.812 15.239 15.263 15.395 15.393 15.393 15.331 0 
Table 4 ( continued). Chemical compositions of amphiboles from the Green Mountain deposit. 
Mineral Gedrite Antho2h1llite Gedrite 
Wt. % AHCO33 AHCO12 
Si02 49.23 47.72 48.45 50.07 48.25 49.42 56.27 54.83 51.54 51 .68 49.88 50.86 51.75 
Ti02 0.18 0.17 0.17 0.18 0.19 0.15 0.05 0.04 0.15 0.15 0.17 0.15 0.18 
Al203 8.14 9.21 9.11 8.90 9.50 8.43 1.91 3.59 5.76 6.39 6.61 6.41 6.29 
Cr203 0.00 0.04 0.07 0.00 0.02 0.00 0.02 0.05 0.02 0.00 0.00 0.00 0.00 
FeO 21.78 21.29 21.13 21.08 21.66 21.84 15.94 16.01 15.27 15.38 15.92 15.63 15.48 
MnO 0.37 0.32 0.30 0.38 0.37 0.30 0.29 0.36 0.36 0.34 0.40 0.34 0.27 
ZnO 0.35 0.08 0.13 0.30 0.15 0.29 0.20 0.12 0.13 0.08 0.18 0.08 0.13 
MgO 17.19 16.58 16.17 16.68 16.74 16.95 23.63 23.68 22.29 23.00 22.34 22.14 22.74 
CaO 0.52 0.50 0.44 0.51 0.49 0.48 0.48 0.72 0.91 1.03 0.98 1.02 1.00 
Na20 0.97 1.04 0.98 0.94 1.29 1.05 0.35 0.67 0.00 1.03 0.85 1.63 0.88 
K20 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.02 0.00 0.00 
F 0.55 0.67 0.47 0.25 0.33 0.08 0.48 0.00 2.97 0.01 0.00 0.00 2.07 
Cl 0.04 0.07 0.06 0.00 0.01 0.00 0.01 0.03 0.01 0.01 0.01 0.01 0.01 
Total 99.32 97.69 97.46 99.29 99.00 98.98 99.64 100.10 99.43 99.10 97.35 98.27 100.80 
Atomic proportions based on 23 atoms of oxygen 
Si 7.120 7.016 7.104 7.169 6.986 7.127 7.805 7.568 7.368 7.226 7.140 7.204 7.258 
Ti 0.020 0.019 0.018 0.019 0.021 0.016 0.005 0.004 0.016 0.016 0.018 0.016 0.019 
Al 1.387 1.596 1.575 1.502 1.621 1.432 0.312 0.584 0.970 1.054 1.115 1.070 1.039 
Cr 0.000 0.004 0.008 0.000 0.002 0.000 0.002 0.006 0.002 0.000 0.000 0.000 0.000 
Fe 2.634 2.617 2.591 2.524 2.623 2.634 1.849 1.848 1.825 1.799 1.906 1.851 1.816 
Mn 0.045 0.039 0.037 0.046 0.045 0.036 0.034 0.042 0.044 0.040 0.049 0.041 0.032 
Zn 0.038 0.008 0.014 0.032 0.017 0.030 0.020 0.012 0.013 0.008 0.019 0.009 0.014 
Mg 3.706 3.635 3.534 3.561 3.612 3.643 4.887 4.873 4.750 4.794 4.767 4.675 4.754 
Ca 0.080 0.079 0.069 0.077 0.076 0.074 0.071 0.107 0.139 0.154 0.151 0.155 0.150 
Na 0.273 0.297 0.277 0.262 0.361 0.294 0.094 0.179 0.000 0.279 0.235 0.446 0.240 
K 0.000 0.004 0.000 0.000 0.000 0.000 0.002 0.000 0.004 0.001 0.003 0.000 0.001 
F 0.251 0.310 0.217 0.114 0.152 0.038 0.210 0.000 1.344 7.857 0.000 0.000 0.917 
Cl 0.009 0.016 0.015 0.000 0.001 0.000 0.003 0.006 0.002 0.001 0.002 0.002 0.002 N 0 
Total 15.563 15 .640 15.459 15 .306 15.517 15 .324 15.294 
........ 
15.229 16.477 23 .229 15.405 15.469 16.242 
Table 5. Chemical compositions of pyroxene from the Green Mountain deposit. 
Mineral Pigeonite 
Wt. % AHCO12 AHCO26A 
Si02 52.30 53.16 52.86 53 .11 52.67 52.88 53.78 52.55 
Ti02 0.06 0.06 0.08 0.07 0.08 0.06 0.05 0.06 
AJi03 2.44 2.15 2.42 1.57 1.84 1.44 1.79 1.78 
Cr203 0.01 0.01 0.00 0.00 0.05 0.05 0.00 0.07 
FeO 20.33 20.31 20.32 21.81 21.31 22.23 21.44 22.02 
MnO 0.41 0.34 0.43 0.81 0.83 0.78 0.70 0.78 
ZnO 0.10 0.18 0.29 0.59 0.45 0.17 0.56 0.41 
MgO 24.59 24.18 24.76 21.90 22.22 22.36 22.29 21.53 
CaO 0.24 0.21 0.25 0.17 0.23 0.11 0.18 0.25 
Na20 0.00 0.00 0.00 0.00 0.00 0.02 0.07 0.02 
K20 0.00 0.02 0.00 0.00 0.02 0.01 0.00 0.01 
F 0.36 0.24 0.06 0.01 0.36 0.10 0.21 0.27 
Cl 0.00 0.00 0.01 0.04 0.05 0.06 0.04 0.06 
Total 100.83 100.85 101.46 100.08 100.09 100.26 101.10 99.82 
Atomic proportions based on 6 atoms of oxygen 
Si 1.921 1.946 1.924 1.976 1.963 1.967 1.977 1.968 
Ti 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002 
Al 0.106 0.093 0.104 0.069 0.081 0.063 0.077 0.079 
Cr 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.002 
Fe 0.624 0.622 0.619 0.678 0.664 0.691 0.659 0.690 
Mn 0.013 0.011 0.013 0.025 0.026 0.025 0.022 0.025 
Zn 0.003 0.005 0.008 0.016 0.012 0.005 0.015 0.011 
Mg 1.346 1.320 1.343 1.214 1.234 1.240 1.222 1.202 
Ca 0.010 0.008 0.010 0.007 0.009 0.005 0.007 0.010 
Na 0.000 0.000 0.000 0.000 0.000 0.001 0.005 0.002 
K 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.001 
F 0.041 0.027 0.007 0.001 0.042 0.012 0.025 0.032 
Cl 0.000 0.000 0.000 0.003 0.003 0.004 0.002 0.004 N 0 
Total 4.066 4.035 4.030 3.991 4.038 4.017 4.012 4.028 N 
Table 6. Chemical compositions of plagioclase, chlorite, and ilmenite from the Green Mountain deposit. 
Mineral Andesine Sheridanite Zn Ilmenite Mn Ilmenite 
Wt. % AHCOl0 AHCO18A AHCO33 AHCOl 1 AHCO26A 
Si02 60.44 59.89 59.63 60.48 61.52 60.75 61.81 57.06 57.00 29.97 29.79 0.18 0.05 0.11 0.03 0.03 
Ti02 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.15 49.66 49.38 49.33 50.47 50.01 
Al203 26.10 26.36 26.33 25.95 25.49 24.69 24.73 28.16 27.31 20.29 20.32 0.13 0.17 0.08 0.15 0.17 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.00 0.00 0.03 0.00 0.09 0.03 0.06 
FeO 0.17 0.25 0.12 0.04 0.03 0.13 0.23 0.12 0.13 9.03 8.66 42.50 42.90 43.49 44.03 44.80 
MnO 0.04 0.03 0.00 0.04 0.00 0.03 0.05 0.04 0.00 0.00 0.00 1.53 1.59 1.69 1.45 1.38 
ZnO 0.00 0.02 0.02 0.00 0.00 0.00 0.08 0.00 0.05 0.00 0.00 1.198 1.70 2.30 0.87 0.86 
MgO 0.00 0.00 0.00 0.00 0.00 0.14 0.13 0.14 0.16 26.19 25.89 0.181 0.82 0.71 0.86 0.89 
CaO 6.64 6.65 6.67 6.54 6.48 6.01 5.30 9.37 9.40 0.01 0.04 0.100 0.03 0.01 0.03 0.03 
Na20 6.73 6.44 7.00 6.69 5.99 7.63 7.38 6.51 6.55 0.09 0.14 0.100 0.00 0.00 0.00 0.00 
K20 0.08 0.18 0.17 0.37 0.20 0.04 0.02 0.02 0.03 1.55 1.57 0. 102 0.02 0.01 0.00 0.03 
F 0.10 0.17 0.00 0.00 0.00 0.00 0.29 0.15 0.00 0.26 0.70 0.113 0.00 0.08 0.14 0.00 
Cl 0.01 0.03 0.01 0.00 0.01 0.00 0.01 0.06 0.03 0.04 0.07 0.04 0.06 0.05 0.04 0.04 
Total 100.33 100.05 99.95 100.10 99.72 99.41 100.05 101.62 100.67 87.56 87.32 97.01 96.72 97.94 98.12 98.31 
Oxygens 32 22 3 
Si 10.691 10.638 10.602 10.715 10.876 10.840 10.946 10.111 10.184 2.920 2.922 0.005 0.001 0.003 0.001 0.001 
Ti 0.002 0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.011 0.976 0.974 0.966 0.979 0.970 
Al 5.440 5.519 5.517 5.418 5.311 5.192 5.162 5.880 5.750 2.330 2.349 0.004 0.005 0.003 0.005 0.005 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.001 0.000 0.000 0.001 0.000 0.002 0.001 0.001 
Fe 0.025 0.037 0.018 0.006 0.004 0.020 0.033 0.017 0.019 0.736 0.710 0.929 0.941 0.947 0.950 0.966 
Mn 0.007 0.005 0.000 0.006 0.000 0.004 0.007 0.006 0.000 0.000 0.000 0.034 0.035 0.037 0.032 0.030 
Zn 0.000 0.003 0.003 0.000 0.001 0.000 0.010 0.000 0.007 0.000 0.000 0.038 0.033 0.044 0.016 0.016 
Mg 0.000 0.000 0.000 0.000 0.000 0.037 0.034 0.037 0.041 3.803 3.785 0.031 0.032 0.028 0.033 0.034 
Ca 1.259 1.265 1.270 1.242 1.228 1.148 1.005 1.779 1.799 0.001 0.004 0.000 0.001 0.000 0.001 0.001 
Na 2.309 2.220 2.413 2.296 2.052 2.638 2.533 2.235 2.270 0.017 0.026 0.000 0.000 0.000 0.000 0.000 
K 0.018 0.040 0.039 0.083 0.045 0.009 0.006 0.004 0.008 0.193 0.196 0.001 0.001 0.000 0.000 0.001 
F 0.055 0.098 0.000 0.000 0.000 0.000 0.162 0.085 0.000 0.079 0.218 0.011 0.000 0.006 0.012 0.000 
Cl 0.003 0.009 0.002 0.000 0.003 0.000 0.004 0.018 0.008 0.007 0.011 0.002 0.003 0.002 0.002 0.002 N 0 
Total 19.809 19.837 19.865 19.766 19.520 19.888 19.906 20.172 20.087 10.096 10.232 2.032 2.026 2.038 2.032 2.027 w 
204 
COTOPAXI DEPOSIT 
Table 1. Chemical compositions of spinel from the Cotopaxi deposit. 
Mineral Gahnite Mg-rich gahnite 
Wt.% 99CO12 99CO66 (core) (rim) 99CO70 
Si02 0.03 0.03 0.02 0.01 0.28 0.03 0.05 0.13 0.10 0.26 0.00 0.22 0.05 0.08 0.07 
Ti02 0.01 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.01 0.02 
A(z03 56.61 57.57 57.36 57.35 55.65 60.80 61.03 61.27 60.08 59.68 61.29 61.38 61.11 60.54 60.12 
Cr203 0.00 0.00 0.00 0.11 0.03 0.08 0.00 0.00 0.01 0.00 0.04 0.00 0.00 0.00 0.03 
FeO 8.24 8.33 8.57 8.40 8.11 5.27 5.25 5.18 5.60 5.37 6.13 5.88 5.53 5.50 5.90 
MnO 0.36 0.45 0.33 0.38 0.35 0.45 0.47 0.38 0.46 0.44 0.54 0.58 0.64 0.51 0.46 
ZnO 30.84 30.66 30.01 30.79 31.86 19.59 20.04 20.40 21.61 21.36 20.43 20.80 21.68 22.21 21.11 
MgO 4.02 4.23 4.03 4.06 3.71 13.09 13.15 12.45 11.19 11.52 12.91 12.47 12.38 12.19 12.21 
CaO 0.02 0.01 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.02 0.01 0.01 
Na20 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.01 0.00 0.02 0.01 0.00 0.01 0.00 
F 0.00 0.09 0.19 0.27 0.00 0.22 0.00 0.00 0.25 0.00 0.43 0.27 0.00 0.00 0.00 
Cl 0.09 0.06 0.07 0.03 0.03 0.04 0.04 0.06 0.03 0.03 0.01 0.06 0.02 0.00 0.00 
Total 100.22 101.44 100.59 101.42 100.05 99.60 100.05 99.90 99.36 98.65 101.80 101.71 101.42 101.07 99.91 
Atomic proportions based on 4 atoms of oxygen 
Si 0.001 0.001 0.000 0.000 0.008 0.001 0.001 0.004 0.003 0.007 0.000 0.006 0.001 0.002 0.002 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.960 1.964 1.973 1.964 1.941 1.957 1.955 1.967 1.964 1.956 1.948 1.950 1.949 1.944 1.947 
Cr 0.000 0.000 0.000 0.003 0.001 0.002 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 
Fe 0.203 0.202 0.209 0.204 0.201 0.120 0.119 0.118 0.130 0.125 0.138 0.133 0.125 0.125 0.136 
Mn 0.009 0.011 0.008 0.009 0.009 0.010 0.011 0.009 0.011 0.010 0.012 0.013 0.015 0.012 0.011 
Zn 0.669 0.656 0.647 0.660 0.696 0.395 0.402 0.410 0.443 0.439 0.407 0.414 0.433 0.447 0.428 
Mg 0.176 0.182 0.175 0.176 0.164 0.533 0.533 0.505 0.463 0.477 0.519 0.501 0.499 0.495 0.500 
Ca 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 
Na 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
F 0.000 0.008 0.017 0.024 0.000 0.019 0.000 0.000 0.022 0.000 0.037 0.023 0.000 0.000 0.000 
Cl 0.005 0.003 0.004 0.002 0.002 0.002 0.002 0.003 0.001 0.002 0.000 0.003 0.001 0.000 0.000 N 0 
Total 3.024 3.027 3.033 3.042 3.023 3.041 3.023 3.017 3.038 3.016 3.064 3.044 3.024 3.025 3.025 Vl 
Table 1 ( continued). Chemical compositions of spin el from the Cotopaxi deposit. 
Mineral Mg rich Gahnite Zn S2inel Gahnite 
Wt.% 99CO70 99CO71 99CO72 US99-57A 
Si02 0.05 0.04 0.13 0.14 0.21 0.00 0.13 0.11 0.20 0.00 0.00 <0.04 0.06 0.08 0.08 
Ti02 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00 < 0.01 < 0.01 < 0.01 < 0.01 
Al203 61.44 60.49 60.17 61.63 60.98 60.93 57.15 57.31 57.54 56.05 56.89 55.74 55.55 56.07 56.07 
Cr203 0.00 0.07 0.03 0.00 0.05 0.00 0.09 0.00 0.01 0.00 0.01 0.02 0.02 < 0.01 < 0.01 
FeO 5.94 5.73 6.12 6.03 6.19 6.21 6.63 6.54 6.60 6.21 6.22 7.13 6.46 7.64 7.12 
MnO 0.63 0.68 0.51 0.50 0.54 0.52 0.48 0.47 0.56 0.41 0.50 0.29 0.25 0.34 0.29 
ZnO 21 .22 21.12 18.80 18.96 19.03 20.09 33.96 33.74 34.33 33.95 34.81 34.50 35.60 33.58 34.59 
MgO 12.31 12.48 13.11 13.03 13.27 13.66 2.00 2.05 1.92 2.21 2.28 1.99 1.80 2.09 1.79 
CaO 0.04 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.00 0.04 0.06 < 0.01 < 0.01 < 0.01 < 0.01 
Na20 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.67 99.74 99.80 99.94 
K20 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 0.00 0.03 0.21 0.00 0.06 0.00 0.31 0.05 0.06 0.00 
Cl 0.00 0.01 0.06 0.05 0.05 0.01 0.02 0.07 0.05 0.00 0.00 
Total 101.63 100.65 98.97 100.60 100.31 101.50 100.47 100.61 101.25 98.94 100.77 ---
Atomic proportions based on 4 atoms of oxygen 
Si 0.001 0.001 0.004 0.004 0.006 0.000 0.004 0.003 0.006 0.000 0.000 
Ti 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
Al 1.953 1.944 1.947 1.961 1.946 1.933 1.990 1.995 1.990 1.986 1.981 
Cr 0.000 0.002 0.001 0.000 0.001 0.000 0.002 0.000 0.000 0.000 0.000 
Fe 0.134 0.131 0.141 0.136 0.140 0.140 0.164 0.162 0.162 0.156 0.154 0.000 0.002 0.002 0.002 
Mn 0.014 0.016 0.012 0.012 0.012 0.012 0.012 0.012 0.014 0.010 0.012 0.000 0.000 0.000 0.000 
Zn 0.423 0.425 0.381 0.378 0.380 0.399 0.741 0.736 0.744 0.754 0.760 1.973 1.970 1.975 1.977 
Mg 0.495 0.507 0.537 0.524 0.535 0.548 0.088 0.090 0.084 0.099 0.101 0.001 0.001 0.000 0.000 
Ca 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.002 0.179 0.163 0.191 0.178 
Na 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.006 0.009 0.007 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.765 0.791 0.741 0.764 
F 0.000 0.000 0.002 0.018 0.000 0.005 0.000 0.029 0.005 0.005 0.000 0.089 0.081 0.093 0.080 
Cl 0.000 0.001 0.003 0.002 0.002 0.000 0.001 0.003 0.002 0.000 0.000 0.000 0.000 0.000 0.000 N 0 
Total 3.021 3.028 3.028 3.037 3.022 3.038 3.002 3.030 3.007 3.012 3.010 3.014 3.013 3.011 3.009 0\ 
Table 2. Chemical compositions of amphiboles from the Cotopaxi deposit. 
Mineral Antho:eh~llite Tremolite-Actinolite Tremolite-Actinolite 
Wt.% 99CO12 99CO66 99CO70 99CO71 
Si02 52.93 52.38 52.07 51.37 50.74 54.75 54.38 55.04 55.63 55.89 55.23 49.68 52.47 
Ti02 0.03 0.06 0.18 0.20 0.19 0.26 0.21 0.27 0.21 0.21 0.06 0.24 0.24 
A)i03 3.29 4.65 6.16 5.87 6.32 3.25 3.01 3.32 3.29 3.27 2.67 7.19 6.04 
Cr203 0.03 0.04 0.02 0.06 0.00 0.02 0.00 0.09 0.03 0.00 0.00 0.12 0.00 
FeO 15.15 15.07 2.14 2.35 2.54 2.39 2.37 2.61 2.40 2.46 1.88 2.81 2.47 
MnO 4.04 3.78 0.76 0.86 0.73 0.95 1.11 1.11 1.10 0.98 0.75 0.76 0.88 
ZnO 0.31 0.30 0.08 0.43 0.15 0.00 0.09 0.15 0.13 0.06 0.08 0.02 0.03 
MgO 21.15 20.82 22.28 22.55 22.24 22.76 23.00 23.27 23.14 22.75 23.32 21.36 22.38 
CaO 0.38 0.50 12 .3 9 12.34 12.52 12.47 12.38 12.50 12.75 12.80 13.20 12.89 12.37 
Na20 0.37 0.57 0.84 0.93 0.99 0.53 0.56 0.65 0.48 0.49 0.45 1.12 1.02 
K20 0.00 0.00 0.18 0.16 0.13 0.08 0.07 0.07 0.09 0.08 0.04 0.33 0.18 
F 0.36 0.30 0.79 0.43 0.50 0.78 0.79 0.00 0.39 0.39 0.65 1.01 0.15 
Cl 0.00 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.00 0.01 0.02 0.03 
Total 98.06 98.49 97.91 97.56 97.06 98.26 97.98 99.09 99.65 99.38 98.35 97.56 98.26 
Atomic proportions based on 23 atoms of oxygen 
Si 7.590 7.469 7.248 7.190 7.142 7.571 7.556 7.515 7.565 7.608 7.611 7.030 7.247 
Ti 0.004 0.007 0.019 0.021 0.020 0.027 0.022 0.028 0.022 0.021 0.007 0.025 0.025 
Al 0.556 0.782 1.010 0.968 1.049 0.530 0.493 0.534 0.527 0.524 0.434 1.199 0.983 
Cr 0.003 0.005 0.002 0.007 0.000 0.002 0.000 0.009 0.003 0.000 0.000 0.013 0.000 
Fe 1.817 1.798 0.249 0.275 0.299 0.276 0.276 0.298 0.273 0.280 0.217 0.333 0.285 
Mn 0.491 0.457 0.089 0.102 0.087 0.111 0.130 0.128 0.126 0.113 0.088 0.091 0.103 
Zn 0.033 0.032 0.008 0.044 0.015 0.000 0.010 0.015 0.013 0.006 0.008 0.002 0.003 
Mg 4.522 4.426 4.623 4.704 4.667 4.693 4.764 4.736 4.691 4.617 4.789 4.507 4.609 
Ca 0.059 0.076 1.848 1.850 1.888 1.848 1.843 1.829 1.858 1.867 1.949 1.955 1.830 
Na 0.104 0.159 0.227 0.252 0.269 0.142 0.152 0.172 0.126 0.129 0.119 0.307 0.272 
K 0.000 0.000 0.033 0.029 0.023 0.014 0.012 0.012 0.015 0.014 0.007 0.059 0.032 
F 0.165 0.136 0.350 0.192 0.223 0.343 0.345 0.629 0.168 0.168 0.284 0.453 0.064 
Cl 0.000 0.002 0.004 0.001 0.004 0.003 0.005 0.002 0.005 0.001 0.003 0.005 0.006 N 0 
Total 15.344 15.349 15.710 15.635 15.686 15.560 15.608 15.907 15.392 15.348 15.516 15.979 15.459 --...J 
Table 3. Chemical compositions of mica, ilmenite, and rutile from the Cotopaxi deposit. 
Mineral Phlogo_Qite Mn-Mg Ilmenite Rutile 
Wt.% 99CO12 99CO72 US99-57A 99CO70 99CO72 
Si02 39.37 39.36 39.62 36.05 36.25 36.14 37.96 39.00 38.15 37.85 0.00 0.00 0.05 0.01 
Ti02 0.59 0.70 0.75 1.29 1.21 1.29 1.77 1.12 1.52 1.68 49.63 50.57 50.61 95.18 
A(z03 15.00 15.54 15.32 16.71 16.68 17.49 17.22 16.73 16.46 16.54 0.05 0.07 0.00 0.12 
Cr203 0.04 0.00 0.02 0.00 0.04 0.02 <0.07 <0.07 <0.07 <0.07 0.01 0.00 0.00 0.03 
FeO 8.18 7.54 7.37 10.29 10.51 10.53 12.07 10.63 11.45 11.69 9.44 10.06 10.22 1.16 
MnO 0.24 0.16 0.18 0.45 0.53 0.50 0.39 0.16 0.3 0.28 39.52 38 .58 38.14 0.05 
ZnO 0.59 0.62 0.77 0.31 0.23 0.33 --- --- --- --- 0.07 0.06 0.13 0.10 
MgO 21.87 21.31 21.62 17.61 17.24 17.48 15.7 17.75 17.41 17.21 1.31 1.56 1.58 0.00 
CaO 0.00 0.00 0.00 0.03 0.04 0.05 0.19 0.21 0.17 0.15 0.02 0.01 0.00 0.08 
Na20 0.57 0.63 0.67 0.23 0.29 0.17 0.13 <0.13 <0.13 <0.13 0.05 0.00 0.00 0.00 
K20 7.79 8.55 8.81 9.48 9.51 9.48 9.59 8.78 9.74 9.84 0.00 0.00 0.00 0.00 
F 2.40 2.18 1.88 1.91 1.59 4.62 3.24 3.77 2.75 2.90 0.00 0.00 0.00 0.07 
Cl 0.07 0.10 0.08 0.14 0.13 0.15 0.14 0.15 0.14 0.14 0.06 0.00 0.00 0.01 
Total 96.71 96.67 97.09 94.50 94.26 98.25 96.98 96.65 96.86 96.98 100.16 100.91 100. 71 96.80 
Oxygens 22 3 
Si 5.707 5.698 5.702 5.457 5.486 5.410 5.594 5.698 5.601 5.568 0.000 0.000 0.002 0.000 
Ti 0.065 0.076 0.082 0.147 0.138 0.145 0.196 0.123 0.168 0.186 1.421 1.430 1.433 1.485 
Al 2.562 2.651 2.599 2.981 2.976 3.086 2.990 2.880 2.848 2.867 0.002 0.003 0.000 0.003 
Cr 0.005 0.000 0.002 0.000 0.005 0.002 --- --- --- --- 0.000 0.000 0.000 0.000 
Fe 0.991 0.913 0.887 1.302 1.330 1.319 1.488 1.299 1.405 1.438 0.300 0.317 0.323 0.020 
Mn 0.029 0.019 0.022 0.057 0.068 0.063 0.049 0.020 0.037 0.035 1.275 1.229 1.217 0.002 
Zn 0.063 0.066 0.082 0.035 0.025 0.037 --- --- --- --- 0.002 0.002 0.003 0.002 
Mg 4.724 4.598 4.639 3.973 3.889 3.901 3.449 3.866 3.811 3.774 0.075 0.087 0.089 0.000 
Ca 0.000 0.001 0.000 0.005 0.007 0.008 0.030 0.033 0.027 0.023 0.002 0.000 0.000 0.002 
Na 0.160 0.176 0.185 0.067 0.086 0.050 0.037 0.000 0.000 0.000 0.005 0.000 0.000 0.000 
K 1.441 1.579 1.617 1.829 1.836 1.810 1.804 1.637 1.824 1.846 0.000 0.000 0.000 0.000 
F 1.102 0.998 0.857 0.914 0.759 2.187 --- --- --- --- 0.000 0.000 0.000 0.005 
Cl 0.018 0.023 0.019 0.037 0.034 0.038 0.005 0.000 0.000 0.000 N --- --- --- --- 0 
Total 16.867 16.798 16.693 16.804 16.639 18.056 15.635 15.557 15.720 15.736 3.084 3.066 3.065 1.517 00 
Table 4. Chemical compositions of chlorite and olivine from the Cotopaxi deposit. 
Mineral Chlorite Forsterite Forsterite 
Wt.% 99CO70 99CO71 99CO66 99CO71 
Si02 29.94 30.73 30.90 30.50 29.47 29.60 39.79 40.95 40.94 39.83 40.72 39.96 
Ti02 0.04 0.08 0.07 0.12 0.00 0.02 0.00 0.03 0.02 0.00 0.01 0.01 
Al203 19.74 19.46 18.90 19.08 20.46 20.24 0.00 0.00 0.00 0.18 0.01 0.05 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.02 
FeO 2.66 2.76 2.86 2.99 2.07 2.38 8.45 8.54 8.60 8.83 9.04 9.00 
MnO 0.13 0.18 0.16 0.17 0.16 0.31 1.95 1.90 1.85 2.30 2.28 2.22 
ZnO 0.14 0.32 0.04 0.14 0.12 0.19 0.16 0.13 0.15 0.16 0.13 0.27 
MgO 32.21 32.44 32.16 31.63 32.10 32.18 48.86 49.40 49.43 48.52 48.77 49.19 
CaO 0.03 0.01 0.01 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 
Na20 0.03 0.00 0.01 0.00 0.21 0.05 0.00 0.00 0.02 0.27 0.00 0.01 
K20 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.18 0.12 0.26 0.00 0.58 1.16 1.73 0.00 0.38 0.00 0.13 0.00 
Cl 0.01 0.02 0.02 0.03 0.05 0.03 0.00 0.00 0.00 0.00 0.02 0.00 
Total 85.12 86.11 85.39 84.66 85.22 86.15 100.98 100.96 101.37 100.14 101.11 100.72 
Oxygens 14 6 
Si 2.538 2.574 2.967 2.949 2.843 2.849 1.480 1.494 1.493 1.474 1.492 1.471 
Ti 0.002 0.005 0.005 0.009 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 
Al 1.972 1.921 2.138 2.174 2.327 2.297 0.000 0.000 0.000 0.008 0.000 0.002 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 
Fe 0.189 0.194 0.229 0.242 0.167 0.191 0.263 0.261 0.262 0.273 0.277 0.277 
Mn 0.010 0.012 0.013 0.013 0.013 0.025 0.062 0.059 0.057 0.072 0.071 0.069 
Zn 0.009 0.020 0.003 0.010 0.008 0.014 0.004 0.004 0.004 0.004 0.004 0.007 
Mg 4.071 4.052 4.602 4.558 4.616 4.619 2.710 2.687 2.688 2.678 2.664 2.699 
Ca 0.003 0.001 0.001 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 
Na 0.005 0.000 0.001 0.001 0.039 0.009 0.000 0.000 0.001 0.019 0.000 0.001 
K 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.049 0.032 0.080 0.000 0.177 0.353 0.204 0.000 0.044 0.000 0.015 0.000 
Cl 0.001 0.003 0.003 0.005 0.009 0.005 0.000 0.000 0.000 0.000 0.001 0.000 N 0 




Table 1. Chemical compositions of spinet from the Marion deposit. 
Mineral S_einel 
Wt.% AHCO87 AHCO88 (core) (rim) (core) (rim) ( symplectite) 
Si02 0.23 0.24 0.08 0.15 0.13 0.10 0.19 0.21 0.05 0.19 0.21 0.05 0.14 0.30 0.09 
Ti02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 59.96 59.42 62.80 62.55 62.72 64.06 62.92 62.73 63.23 62.92 62.73 63.23 62.81 63.12 64.17 
Cr203 0.00 0.05 0.03 0.00 0.03 0.00 0.00 0.00 0.06 0.00 0.00 0.06 0.00 0.08 0.00 
FeO 21.40 21.37 11.31 11.33 11.52 12.63 12.96 11.87 11.90 12.96 11.87 11.90 11.77 11.83 11.72 
MnO 0.53 0.57 0.40 0.33 0.40 0.31 0.36 0.40 0.26 0.36 0.40 0.26 0.35 0.49 0.35 
ZnO 0.62 0.76 10.36 10.22 10.48 10.09 10.35 9.74 10.20 10.35 9.74 10.20 10.26 9.17 10.59 
MgO 17.31 17.22 14.76 15.03 14.74 14.03 14.18 14.14 14.43 14.18 14.14 14.43 14.51 15.39 14.35 
CaO 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.04 0.01 0.01 0.04 0.02 0.08 0.07 
Na20 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.05 0.03 0.05 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.02 0.02 0.00 
F 0.06 0.07 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.23 0.00 
Cl 0.03 0.00 0.05 0.04 0.05 0.05 0.04 0.06 0.03 0.04 0.06 0.03 0.03 0.04 0.02 
Total 100.20 99.72 99.85 99.78 100.11 101.29 101.03 99.16 100.21 101.03 99.16 100.21 100.14 100.75 101.35 
Atomic proportions based on 4 atoms of oxygen 
Si 0.006 0.006 0.002 0.004 0.003 0.003 0.005 0.006 0.001 0.005 0.006 0.001 0.004 0.008 0.002 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.870 1.865 1.964 1.958 1.960 1.978 1.957 1.973 1.971 1.957 1.973 1.971 1.965 1.953 1.977 
Cr 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.002 0.000 
Fe 0.474 0.476 0.251 0.252 0.255 0.277 0.286 0.265 0.263 0.286 0.265 0.263 0.261 0.260 0.256 
Mn 0.012 0.013 0.009 0.007 0.009 0.007 0.008 0.009 0.006 0.008 0.009 0.006 0.008 0.011 0.008 
Zn 0.012 0.015 0.203 0.200 0.205 0.195 0.202 0.192 0.199 0.202 0.192 0.199 0.201 0.178 0.204 
Mg 0.683 0.684 0.584 0.595 0.583 0.548 0.558 0.563 0.569 0.558 0.563 0.569 0.574 0.602 0.559 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.002 0.002 
Na 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.002 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 
F 0.005 0.006 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.019 0.019 0.000 
Cl 0.001 0.000 0.002 0.002 0.002 0.002 0.002 0.003 0.001 0.002 0.003 0.001 0.001 0.002 0.001 N 
Total 3.065 3.067 3.018 3.027 3.020 3.010 3.018 3.011 3.012 3.018 3.011 3.012 3.035 3.038 3.009 
Table 1 ( continued). Chemical compositions of spin el from the Marion deposit. 
Mineral S2inel Gahnite Gahnos2inel 
Wt.% AHCO88 AHCO91A AHCO92 AHCO93 AHCO94 
Si02 0.18 0.08 0.41 0.59 0.50 0.18 0.33 0.08 0.00 0.06 0.42 0.25 0.26 
Ti02 0.00 0.00 0.00 0.09 0.04 0.00 0.01 0.02 0.02 0.00 0.02 0.01 0.00 
A)z03 64.40 64.41 61.30 60.71 59.30 62.50 62.51 64.51 64.30 64.79 62.06 62.27 62.54 
Cr203 0.01 0.00 0.00 0.00 0.00 0.00 0.05 0.16 0.00 0.03 0.00 0.00 0.01 
FeO 11.67 11.27 4.56 4.70 4.47 3.93 4.08 3.29 3.54 3.40 4.24 4.34 4.17 
MnO 0.33 0.40 0.22 0.22 0.19 0.20 0.29 0.13 0.12 0.16 0.20 0.12 0.09 
ZnO 10.47 10.75 26.25 24.34 25.78 19.78 19.95 12.90 12.54 11.80 17.49 17.42 17.26 
MgO 14.15 13 .71 8.39 8.19 8.52 13.31 13.14 18.53 18.70 18.25 15.68 15.27 15.39 
CaO 0.03 0.02 0.03 0.11 0.05 0.09 0.11 0.23 0.27 0.23 0.10 0.07 0.10 
Na 20 0.00 0.00 0.00 0.18 0.10 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.02 0.06 0.06 0.02 0.01 0.03 0.04 0.02 0.00 0.00 0.01 
F 0.08 0.00 0.00 0.00 0.22 0.14 0.09 0.09 0.13 0.00 0.00 0.00 0.27 
Cl 0.01 0.01 0.03 0.05 0.06 0.04 0.04 0.05 0.06 0.05 0.04 0.05 0.05 
Total 101.32 100.64 101.20 99.23 99.29 100.20 100.60 100.04 99.73 98.77 100.24 99.79 100.14 
Atomic proportions based on 4 atoms of oxygen 
Si 0.005 0.002 0.011 0.017 0.014 0.005 0.009 0.002 0.000 0.001 0.011 0.007 0.007 
Ti 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.983 1.995 1.991 1.998 1.973 1.979 1.973 1.966 1.965 1.985 1.941 1.957 1.960 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 0.001 0.000 0.000 0.000 
Fe 0.255 0.248 0.105 0.110 0.105 0.088 0.091 0.071 0.077 0.074 0.094 0.097 0.093 
Mn 0.007 0.009 0.005 0.005 0.004 0.005 0.006 0.003 0.003 0.003 0.005 0.003 0.002 
Zn 0.202 0.209 0.534 0.502 0.537 0.392 0.395 0.246 0.240 0.227 0.343 0.343 0.339 
Mg 0.551 0.537 0.345 0.341 0.359 0.533 0.525 0.714 0.723 0.707 0.621 0.607 0.610 
Ca 0.001 0.000 0.001 0.003 0.001 0.003 0.003 0.006 0.008 0.006 0.003 0.002 0.003 
Na 0.000 0.000 0.000 0.010 0.006 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.001 0.002 0.002 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.000 
F 0.007 0.000 0.000 0.000 0.019 0.012 0.008 0.008 0.011 0.000 0.000 0.000 0.023 
Cl 0.000 0.001 0.001 0.002 0.003 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.002 N 
Total 3.011 3.001 2.994 2.992 3.024 3.021 3.013 3.022 3.031 3.006 3.020 3.018 3.039 N 
Table 1 ( continued). Chemical compositions of spin el from the Marion deposit. 
Mineral Gahnos2inel 
Wt. % AHCO95 AHCO98 AHCOl0l (core) 
Si02 0.18 0.19 0.02 0.07 0.09 0.08 0.11 0.14 0.18 0.09 0.06 0.14 0.14 0.10 0.01 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.02 0.01 0.00 0.02 
Al203 63.49 62.17 63.11 62.47 61.39 62.45 62.06 61.50 63.56 62.84 65.05 64.73 62.53 62.39 61.99 
Cr203 0.00 0.10 0.00 0.10 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.13 0.07 
FeO 3.67 4.07 4.22 3.93 3.69 3.59 3.69 4.72 3.88 3.78 3.87 3.92 4.48 4.42 4.23 
MnO 0.10 0.00 0.02 0.04 0.06 0.11 0.03 0.13 0.16 0.14 0.17 0.16 0.18 0.09 0.07 
ZnO 20.24 19.97 19.65 20.48 20.05 20.70 21.09 21.45 15.68 16.27 16.51 16.72 17.88 17.89 18.07 
MgO 13.92 13.80 13.86 13.71 14.15 13.94 13 .89 13.09 15 .63 15.79 15.52 15 .35 15.37 15.16 15.51 
CaO 0.00 0.04 0.01 0.00 0.02 0·.07 0.06 0.05 0.09 0.07 0.10 0.10 0.18 0.16 0.18 
Na20 0.00 0.00 0.00 0.00 0.00 0;00 0.00 0.00 0.00 0.00 0.51 0.55 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.01 0·.02 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.02 
F 0.28 1.26 0.00 0.00 1.65 0·.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.02 0.00 0.00 0.01 0.01 0.01 0.02 0.00 0.03 0.02 0.03 0.01 0.02 0.04 0.05 
Total 1 0 1. 8 9 1 0 1. 60 100.89 100.71 101.21 100.97 100.97 101.10 99.25 98.98 101.84 101.70 100.80 100.38 100.21 
Atomi c proportions based on 4 atoms of oxygen 
Si 0.005 0.005 0.000 0.002 0.002 0.002 0.003 0.004 0.005 0.002 0.002 0.004 0.004 0.003 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.976 1.965 1.868 1.970 1.957 1.965 1.958 1.952 1.983 1.973 1.985 1.981 1.952 1.955 1.949 
Cr 0.000 0.002 0.149 0.000 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.003 0.001 
Fe 0.081 0.091 0.089 0.088 0.083 0.080 0.083 0.106 0.086 0.084 0.084 0.085 0.099 0.098 0.094 
Mn 0.002 0.000 0.000 0.001 0.001 0.002 0.001 0.003 0.004 0.003 0.004 0.003 0.004 0.002 0.002 
Zn 0.395 0.395 0.364 0.405 0.400 0.408 0.417 0.427 0.306 0.320 0.316 0.321 0.350 0.351 0.356 
Mg 0.548 0.552 0.519 0.547 0.570 0.555 0.554 0.526 0.617 0.627 0.599 0.594 0.607 0.601 0.617 
Ca 0.000 0.001 0.000 0.000 0.001 0.002 0.002 0.001 0.003 0.002 0.003 0.003 0.005 0.004 0.005 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.028 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 
F 0.023 0.107 0.000 0.000 0.141 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cl 0.001 0.000 0.000 0.000 0.000 0 .. 001 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.002 0.002 N 
Total 3.031 3.118 2.989 3.013 3.157 3.016 3.020 3.019 3.006 3.012 3.021 3.019 3.022 3.019 3.027 v.J 
Table 1 ( continued). Chemical compositions of spin el from the Marion deposit. 
Mineral Gahnos2inel 
Wt. % AHCO101 (rim) 
Si02 0.13 0.14 0.11 
Ti02 0.00 0.02 0.02 
A(z03 63 .52 60.83 63.02 
Cr203 0.07 0.10 0.05 
FeO 4.24 4.19 4.36 
MnO 0.05 0.08 0.07 
ZnO 18.02 17.80 17.14 
MgO 14.67 15.16 15.52 
CaO 0.20 0.30 0.12 
Na20 0.00 0.00 0.01 
K20 0.00 0.02 0.00 
F 0.00 0.00 0.22 
Cl 0.05 0.04 0.05 
Total 100.95 98.67 100.70 
Atomic proportions based on 4 atoms of oxygen 
Si 0.003 0.004 0.003 
Ti 0.000 0.000 0.000 
Al 1.975 1.943 1.963 
Cr 0.001 0.002 0.001 
Fe 0.094 0.095 0.096 
Mn 0.001 0.002 0.002 
Zn 0.351 0.356 0.334 
Mg 0.577 0.612 0.611 
Ca 0.006 0.009 0.003 
Na 0.000 0.000 0.001 
K 0.000 0.001 0.000 
F 0.000 0.000 0.018 
Cl 0.002 0.002 0.002 N 
Total 3.010 3.026 3.034 
Table 2. Chemical compositions of corundum, cordierite, and opaque minerals from the Marion deposit. 
Mineral Corundum Cordierite Clinohumite ? 
Wt.% AHCO87 AHCOI0l AHCO93 
Si02 0.15 0.15 49.23 45.04 47.52 42.08 37.88 39.34 41.39 39.43 0.17 0.10 0.08 0.03 0.07 0.09 0.21 
Ti02 0.00 0.00 0.04 0.03 0.00 1.63 1.67 1.45 1.69 1.13 0.02 0.03 0.00 0.00 0.01 0.00 0.02 
Alz03 99.89 97.56 33.56 34.75 34.92 0.05 0.02 0.01 0.06 0.05 0.43 0.47 0.14 0.35 0.22 0.51 0.31 
Cr203 0.00 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.08 0.03 0.00 0.00 0.06 0.00 0.01 0.00 
FeO 0.39 0.49 2.34 3.53 2.78 4.06 4.26 4.23 4.28 4.12 81.20 81.37 83.23 83.77 84.00 82.53 87.07 
MnO 0.02 0.01 0.15 0.13 0.21 0.40 0.31 0.30 0.37 0.31 0.32 0.36 0.17 0.31 0.26 9.80 2.22 
ZnO 0.06 0.00 0.00 0.00 0.11 0.08 0.05 0.02 0.03 0.19 0.15 0.00 0.00 0.05 0.08 0.00 0.13 
MgO 0.00 0.00 14.33 15.40 14.71 47.05 54.92 54.56 47.79 51.89 8.09 9.00 6.86 7.80 7.86 0.08 0.13 
CaO 0.01 0.00 1.42 0.13 0.10 0.12 0.10 0.14 0.09 0.20 0.10 0.11 0.17 0.12 0.09 0.34 0.38 
Na20 0.00 0.00 0.17 0.99 0.22 0.00 0.00 0.00 0.00 0.00 0.03 0.09 0.00 0.01 0.07 0.00 0.04 
K20 0.00 0.01 0.08 0.26 0.11 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.04 0.11 0.00 0.12 0.25 2.61 3.33 2.73 2.72 3.28 0.02 0.00 0.05 0.01 0.00 0.00 0.00 
Cl 0.00 0.03 0.01 0.04 0.04 0.05 0.04 0.05 0.02 0.03 0.03 0.05 0.04 0.04 0.04 0.05 0.07 
Total 100.57 98.39 101.31 100.42 101.00 98.16 102.58 102.83 98.46 100.72 90.58 91.59 90.76 92.54 92.69 93.42 90.58 
Oxygens 3 18 14 3 
Si 0.003 0.003 4.842 4.533 4.707 3.664 3.230 3.314 3.606 3.404 0.008 0.005 0.004 0.001 0.003 0.005 0.011 
Ti 0.000 0.000 0.005 0.003 0.000 0.107 0.107 0.092 0.111 0.073 0.001 0.001 0.000 0.000 0.000 0.000 0.001 
Al 1.992 1.991 3.888 4.122 4.077 0.005 0.002 0.001 0.007 0.005 0.025 0.027 0.008 0.020 0.012 0.031 0.019 
Cr 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.005 0.001 0.000 0.000 0.002 0.000 0.000 0.000 
Fe 0.006 0.007 0.194 0.297 0.230 0.296 0.304 0.298 0.312 0.297 3.327 3.277 3.455 3.382 3.388 3.498 3.811 
Mn 0.000 0.000 0.014 0.011 0.018 0.030 0.022 0.021 0.027 0.023 0.013 0.015 0.007 0.013 0.011 0.421 0.098 
Zn 0.001 0.000 0.000 0.000 0.002 0.005 0.003 0.001 0.002 0.012 0.005 0.000 0.000 0.002 0.003 0.000 0.005 
Mg 0.000 0.000 2.102 2.310 2.172 6.107 6.983 6.853 6.207 6.679 0.591 0.646 0.508 0.561 0.565 0.006 0.010 
Ca 0.000 0.000 0.149 0.014 0.011 0.011 0.009 0.013 0.009 0.019 0.005 0.006 0.009 0.006 0.004 0.019 0.021 
Na 0.000 0.000 0.032 0.238 0.053 0.000 0.000 0.000 0.000 0.000 0.003 0.008 0.000 0.001 0.006 0.000 0.004 
K 0.000 0.000 0.009 0.034 0.014 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.002 0.006 0.000 0.039 0.079 0.719 0.899 0.727 0.750 0.895 0.004 0.000 0.008 0.001 0.000 0.000 0.000 
Cl 0.000 0.001 0.000 0.009 0.008 0.008 0.006 0.008 0.004 0.005 0.002 0.004 0.004 0.003 0.003 0.004 0.006 N ....... 
Total 2.004 2.008 11.232 11.563 11.368 10.953 11.566 11.328 11.036 11.417 3.985 
Vl 
3.989 4.003 3.992 3.995 3.984 3.986 
Table 3. Chemical compositions of amphiboles from the Marion deposit. 
Mineral Mg-rich Hornblende Actinolite Mg Hornblende 
Wt. % AHCO88 AHCO91A AHCO95 
Si02 43.61 43.31 43.29 44.40 42 .78 54.83 52.79 53 .94 54.83 52.79 53 .94 48.60 48.59 
Ti02 0.14 0.20 0.17 0.13 0.11 0.21 0.21 0.26 0.21 0.21 0.26 0.36 0.30 
Al203 15.76 15 .15 13.84 13.64 13.53 4.37 4.79 5.11 4.37 4.79 5.11 11.07 11.12 
Cr203 0.04 0.07 0.00 0.00 0.04 0.10 0.03 0.00 0.10 0.03 0.00 0.01 0.13 
FeO 5.04 5.14 5.77 5.90 6.03 3.30 3.19 3.47 3.30 3.19 3.47 2.66 2.73 
MnO 0.22 0.30 0.22 0.33 0.43 0.32 0.53 0.41 0.32 0.53 0.41 0.15 0.02 
ZnO 0.05 0.24 0.00 0.04 0.25 0.06 0.00 0.11 0.06 0.00 0.11 0.19 0.10 
MgO 17.67 18.35 18.15 17.99 17.82 21.71 21.51 21.48 21.71 21 .51 21.48 20.69 20.88 
CaO 12.43 12.32 12.29 12.19 12.17 12.31 12.33 12.23 12.31 12.33 12.23 13.14 13.44 
Na20 2.40 2.15 2.32 2.28 2.23 0.74 0.61 0.78 0.74 0.61 0.78 2.00 1.64 
K20 0.78 0.83 0.77 0.80 0.76 0.21 0.20 0.23 0.21 0.20 0.23 0.54 0.56 
F 0.45 0.79 1.28 1.12 1.46 0.57 0.85 0.92 0.57 0.85 0.92 0.47 0.00 
Cl 0.09 0.06 0.08 0.07 0.07 0.15 0.05 0.02 0.15 0.05 0.02 0.04 0.04 
Total 98.68 98.91 98.17 98.88 97.66 98.87 97.09 98.95 98.87 97.09 98 .95 99.93 99.54 
Atomic proportions based on 23 atoms of oxygen 
Si 6.182 6.161 6.252 6.345 6.246 7.539 7.425 7.445 7.539 7.425 7.445 6.693 6.680 
Ti 0.015 0.021 0.018 0.014 0.011 0.022 0.022 0.027 0.022 0.022 0.027 0.037 0.031 
Al 2.632 2.539 2.355 2.297 2.329 0.707 0.795 0.831 0.707 0.795 0.831 1.797 1.802 
Cr 0.004 0.008 0.000 0.000 0.004 0.010 0.004 0.000 0.010 0.004 0.000 0.001 0.014 
Fe 0.598 0.611 0.697 0.705 0.736 0.379 0.375 0.401 0.379 0.375 0.401 0.306 0.314 
Mn 0.027 0.036 0.027 0.040 0.053 0.037 0.063 0.048 0.037 0.063 0.048 0.018 0.002 
Zn 0.005 0.025 0.000 0.005 0.027 0.006 0.000 0.011 0.006 0.000 0.011 0.020 0.010 
Mg 3.733 3.891 3.907 3.833 3.879 4.450 4.511 4.418 4.450 4.511 4.418 4.247 4.280 
Ca 1.887 1.878 1.901 1.866 1.903 1.813 1.859 1.808 1.813 1.859 1.808 1.939 1.979 
Na 0.660 0.594 0.650 0.632 0.631 0.196 0.166 0.209 0.196 0.166 0.209 0.535 0.437 
K 0.142 0.151 0.142 0.145 0.141 0.037 0.035 0.040 0.037 0.035 0.040 0.095 0.098 
F 0.200 0.354 0.583 0.506 0.672 0.247 0.379 0.402 0.247 0.379 0.402 0.207 0.000 
Cl 0.022 0.014 0.019 0.016 0.017 0.035 0.012 0.003 0.035 0.012 0.003 0.010 0.009 N 
°' 
Table 3 ( continued). Chemical compositions of amphiboles from the Marion deposit. 
Mineral Mg-rich Hornblende Actinolite 
Wt.% AHCO95 
Si02 47.20 47.93 49.53 52.96 50.10 55.09 52.85 57.31 58.12 57.18 57.33 58.72 
Ti02 0.34 0.61 0.31 0.16 0.26 0.17 0.16 0.03 0.07 0.02 0.00 0.00 
A(z03 11.78 10.58 9.11 6.40 9.45 5.14 7.45 1.80 1.72 0.74 0.53 0.44 
Cr203 0.00 0.00 0.00 0.03 0.03 0.02 0.02 0.00 0.02 0.03 0.03 0.00 
FeO 2.69 2.81 2.73 3.29 3.93 2.65 3.20 2.32 2.66 2.36 2.29 2.48 
MnO 0.18 0.17 0.17 0.13 0.25 0.13 0.12 0.17 0.18 0.15 0.20 0.09 
ZnO 0.19 0.06 0.22 0.12 0.27 0.42 0.40 0.22 0.29 0.01 0.82 0.16 
MgO 20.68 20.76 20.94 21.27 20.10 21.82 20.68 22.97 23.16 23.34 23.59 23.43 
CaO 13.37 13.80 12.71 13.11 12.87 13.10 13.42 13.65 13.05 15.54 13.51 14.30 
Na20 1.77 1.48 1.79 1.05 0.88 0.00 1.13 0.39 0.32 0.10 0.07 0.07 
K20 0.57 0.56 0.49 0.22 0.33 0.25 0.23 0.05 0.03 0.01 0.00 0.00 
F 0.00 0.74 0.87 0.00 0.10 0.68 0.01 0.00 0.00 0.01 0.29 0.39 
Cl 0.03 0.02 0.01 0.02 0.06 0.04 0.02 0.05 0.02 0.00 0.05 0.01 
Total 98.82 99.53 98.89 98.75 98.61 99.50 99.68 98.96 99.63 99.48 98.70 100.10 
Atomic proportions based on 23 atoms of oxygen 
Si 6.559 6.659 6.900 7.278 6.949 7.502 7.208 7.782 7.826 7.764 7.848 7.906 
Ti 0.036 0.064 0.033 0.016 0.027 0.017 0.017 0.003 0.007 0.002 0.000 0.000 
Al 1.930 1.733 1.496 1.037 1.544 0.825 1.197 0.288 0.272 0.118 0.086 0.070 
Cr 0.000 0.000 0.000 0.003 0.003 0.002 0.001 0.000 0.002 0.003 0.003 0.000 
Fe 0.313 0.326 0.318 0.378 0.455 0.583 0.705 0.264 0.300 0.268 0.262 0.279 
Mn 0.021 0.020 0.020 0.016 0.029 0.015 0.014 0.020 0.020 0.018 0.023 0.011 
Zn 0.020 0.006 0.023 0.012 0.028 0.042 0.040 0.022 0.029 0.001 0.083 0.016 
Mg 4.283 4.300 4.348 4.358 4.156 4.430 4.204 4.650 4.648 4.725 4.814 4.704 
Ca 1.991 2.054 1.898 1.930 1.912 1.912 1.961 1.986 1.882 2.261 1.981 2.063 
Na 0.475 0.398 0.483 0.281 0.237 0.000 0.299 0.103 0.082 0.027 0.017 0.018 
K 0.102 0.100 0.087 0.038 0.058 0.042 0.040 0.009 0.004 0.002 0.000 0.000 
F 0.000 0.326 0.383 0.000 0.837 0.293 0.001 0.000 0.000 0.001 0.127 0.168 
Cl 0.008 0.005 0.003 0.005 0.013 0.010 0.006 0.011 0.005 0.000 0.011 0.003 N ....... 
Total 15.738 15.991 15.992 15.352 16.248 15.391 15.693 15.138 15 .077 15.190 15.255 15.238 
--..) 
Table 4. Chemical compositions of pyroxene from the Marion deposit. 
Mineral Dio2side 
Wt.% AHCO92 AHCO94 AHCO95 
Si02 53.02 53.41 52.72 53.08 54.00 52.73 53.80 54.08 53.47 53.22 55.67 
Ti02 0.03 0.00 0.03 0.03 0.07 0.03 0.10 0.06 0.03 0.07 0.00 
A)z03 2.03 2.05 2.03 0.95 0.90 1.16 1.19 1.48 1.14 1.37 0.35 
Cr203 0.00 0.09 0.00 0.04 0.00 0.04 0.02 0.06 0.00 0.03 0.00 
FeO 1.43 1.45 1.50 3.80 0.85 0.88 0.95 1.01 1.08 1.12 1.71 
MnO 0.03 0.16 0.19 0.42 0.15 0.18 0.18 0.10 0.13 0.16 0.19 
ZnO 0.04 0.00 0.09 0.10 0.00 0.00 0.08 0.02 0.10 0.00 0.09 
MgO 17.75 18.00 18.17 16.76 18.98 18.00 18.44 17.92 18.10 17.83 18.22 
CaO 25.20 25.10 25.08 23.99 25.70 25.29 26.02 25.80 26.67 26.62 26.31 
Na20 0.09 0.03 0.04 0.16 0.00 0.00 0.04 0.00 0.02 0.00 0.06 
K20 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 
F 0.14 0.14 0.03 0.19 0.00 0.00 0.11 0.31 0.39 0.00 0.00 
CI 0.01 0.02 0.02 0.01 0.07 0.03 0.08 0.05 0.02 0.00 0.00 
Total 99.77 100.44 99.89 99.55 100.75 98.33 101.00 100.88 101.14 100.43 102.59 
Atomic proportions based on 6 atoms of oxygen 
Si 1.934 1.934 1.923 1.961 1.947 1.948 1.941 1.952 1.937 1.933 1.976 
Ti 0.001 0.000 0.001 0.000 0.002 0.001 0.003 0.002 0.001 0.002 0.000 
Al 0.087 0.088 0.087 0.042 0.038 0.050 0.050 0.063 0.049 0.059 0.014 
Cr 0.000 0.003 0.000 0.002 0.000 0.001 0.001 0.002 0.000 0.001 0.000 
Fe 0.044 0.044 0.046 0.117 0.026 0.027 0.029 0.030 0.033 0.034 0.051 
Mn 0.001 0.005 0.006 0.014 0.005 0.006 0.005 0.003 0.004 0.005 0.006 
Zn 0.001 0.000 0.002 0.003 0.000 0.000 0.002 0.001 0.003 0.000 0.002 
Mg 0.965 0.972 0.988 0.923 1.020 0.991 0.992 0.964 0.977 0.966 0.964 
Ca 0.985 0.974 0.980 0.950 0.993 1.001 1.006 0.998 1.035 1.036 1.001 
Na 0.007 0.002 0.002 0.012 0.000 0.000 0.003 0.000 0.001 0.000 0.004 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
F 0.016 0.016 0.003 0.023 0.000 0.000 0.013 0.036 0.044 0.000 0.000 
Cl 0.000 0.001 0.001 0.000 0.004 0.002 0.005 0.003 0.001 0.000 0.000 N 
Total 4.041 4.039 4.039 4.044 4.035 4.027 4.050 4.055 4.085 4.036 4.018 
00 
Table 5. Chemical compositions of calcite, serpentine, and opaque minerals from the Marion deposit. 
Mineral Calcite Serpentine O12ague minerals 
Wt.% AHCO93 AHCO98 AHCO93 
Si02 0.00 40.25 41.23 43.35 37.49 41.25 40.39 41.39 0.17 0.10 0.08 0.03 0.07 0.09 0.21 
Ti02 0.02 0.03 0.00 0.01 0.01 0.01 0.01 0.00 0.02 0.03 0.00 0.00 0.01 0.00 0.02 
Afi03 0.08 0.34 1.95 0.06 0.83 0.35 0.32 0.48 0.43 0.47 0.14 0.35 0.22 0.51 0.31 
Cr203 0.04 0.01 0.00 0.02 0.01 0.01 0.00 0.00 0.03 0.00 0.00 0.06 0.00 0.01 0.00 
FeO 0.00 2.96 1.63 0.45 2.58 1.03 1.21 1.08 81.20 81.37 83.23 83.77 84.00 82.53 87.07 
MnO 0.10 0.04 0.03 0.00 0.03 0.00 0.08 0.05 0.32 0.36 0.17 0.31 0.26 9.80 2.22 
ZnO 0.00 0.10 0.09 0.01 0.00 0.23 0.05 0.00 0.15 0.00 0.00 0.05 0.08 0.00 0.13 
MgO 2.66 40.01 40.24 42.69 38.77 40.10 40.05 39.15 8.09 9.00 6.86 7.80 7.86 0.08 0.13 
CaO 62.02 0.10 0.08 0.03 0.05 0.04 0.08 0.06 0.10 0.11 0.17 0.12 0.09 0.34 0.38 
Na20 0.00 0.06 0.05 0.00 0.10 0.00 0.01 0.02 0.03 0.09 0.00 0.01 0.07 0.00 0.04 
K20 0.00 0.01 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 0.20 0.50 0.23 0.00 0.34 3.58 0.54 0.02 0.00 0.05 0.01 0.00 0.00 0.00 
Cl 0.00 0.26 0.12 0.06 0.42 0.14 0.13 0.14 0.03 0.05 0.04 0.04 0.04 0.05 0.07 
Total 64.91 84.37 85 .92 86.91 80.29 83.50 85.90 82.88 90.58 91.59 90.76 92.54 92.69 93.42 90.58 
Oxygens 6 8 4 
Si 0.000 0.917 0.915 0.940 0.898 0.937 0.929 0.947 0.008 0.005 0.004 0.001 0.003 0.005 0.011 
Ti 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 
Al 0.008 0.009 0.051 0.001 0.023 0.009 0.009 0.013 0.025 0.027 0.008 0.020 0.012 0.031 0.019 
Cr 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.002 0.000 0.000 0.000 
Fe 0.000 0.056 0.030 0.008 0.052 0.020 0.023 0.021 3.327 3.277 3.455 3.382 3.388 3.498 3.811 
Mn 0.007 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.013 0.015 0.007 0.013 0.011 0.421 0.098 
Zn 0.000 0.002 0.001 0.000 0.000 0.004 0.001 0.000 0.005 0.000 0.000 0.002 0.003 0.000 0.005 
Mg 0.336 1.360 1.331 1.380 1.385 1.359 1.373 1.336 0.591 0.646 0.508 0.561 0.565 0.006 0.010 
Ca 5.638 0.003 0.002 0.001 0.001 0.001 0.002 0.001 0.005 0.006 0.009 0.006 0.004 0.019 0.021 
Na 0.000 0.003 0.002 0.000 0.005 0.000 0.000 0.001 0.003 0.008 0.000 0.001 0.006 0.000 0.004 
K 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.000 0.014 0.035 0.016 0.000 0.024 0.260 0.039 0.004 0.000 0.008 0.001 0.000 0.000 0.000 
Cl 0.000 0.010 0.005 0.002 0.017 0.005 0.005 0.005 0.002 0.004 0.004 0.003 0.003 0.004 0.006 N 
Total 5.993 2.375 2.373 2.349 2.383 2.360 2.605 2.364 3.985 3.989 4.003 3.992 3.995 3.984 3.986 \0 
Table 6. Chemical compositions of olivine from the Marion deposit. 
Mineral Forsterite 
Wt.% AHCO93 AHCO98 AHCO101 
Si02 41.30 41.80 41.09 39.61 41.83 42.22 41.88 36.65 36.35 41.09 41.94 40.23 
Ti02 0.03 0.02 0.00 0.04 0.00 0.00 0.00 0.11 0.14 0.00 0.02 0.02 
A(z03 0.03 0.05 0.00 0.08 0.01 0.06 0.10 0.00 0.06 0.05 0.00 0.08 
Cr203 0.01 0.00 0.00 0.04 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.04 
FeO 3.88 3.78 3.89 3.92 4.81 4.89 4.84 3.78 3.99 5.66 5.83 5.78 
MnO 0.50 0.44 0.54 0.44 0.55 0.53 0.63 0.30 0.32 0.46 0.63 0.47 
ZnO 0.06 0.00 0.07 0.11 0.00 0.30 0.13 0.14 0.07 0.13 0.13 0.15 
MgO 54.28 55.05 54.94 55.09 51.78 52.06 51.80 55.40 55.56 53.11 51.82 52.46 
CaO 0.17 0.16 0.18 0.24 0.08 0.08 0.20 0.11 0.13 0.14 0.16 0.12 
Na20 0.00 0.00 0.02 0.03 0.03 0.18 0.00 0.00 0.02 0.00 0.00 0.03 
K20 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 
F 0.31 0.05 0.00 0.03 0.00 0.00 0.00 4.01 3.07 0.25 0.00 0.00 
Cl 0.01 0.01 0.02 0.01 0.01 0.00 0.00 0.04 0.04 0.01 0.01 0.01 
Total 100.56 101.35 100.76 99.63 99.13 100.31 99.58 100.58 99.74 100.92 100.53 99.39 
Atomic proportions based on 4 atoms of oxygen 
Si 0.986 0.987 0.978 0.957 1.011 1.010 1.009 0.918 0.911 0.985 1.005 0.979 
Ti 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.003 0.000 0.000 0.000 
Al 0.001 0.001 0.000 0.002 0.000 0.002 0.003 0.000 0.002 0.001 0.000 0.002 
Cr 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Fe 0.078 0.075 0.077 0.079 0.097 0.098 0.098 0.079 0.084 0.113 0.117 0.118 
Mn 0.010 0.009 0.011 0.009 0.011 0.011 0.013 0.006 0.007 0.009 0.013 0.010 
Zn 0.001 0.000 0.001 0.002 0.000 0.005 0.002 0.003 0.001 0.002 0.002 0.003 
Mg 1.932 1.937 1.949 1.984 1.865 1.857 1.860 2.068 2.075 1.899 1.852 1.903 
Ca 0.004 0.004 0.005 0.006 0.002 0.002 0.005 0.003 0.003 0.004 0.004 0.003 
Na 0.000 0.000 0.001 0.001 0.002 0.008 0.000 0.000 0.001 0.000 0.000 0.001 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.023 0.004 0.000 0.002 0.000 0.000 0.000 0.318 0.243 0.019 0.000 0.000 
Cl 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.002 0.002 0.000 0.000 0.001 N N 
Total 3.036 3.017 3.023 3.044 2.989 2.993 2.990 3.399 3.332 3.032 2.993 3.021 0 
Table 7. Chemical compositions of mica from the Marion deposit. 
Mineral Phlogo2ite 
Wt.% AHCO88 AHCO91A AHCO92 
Si02 42.98 44.06 41.23 42.39 41.07 41.49 37.80 37.48 37.25 39.67 39.43 
Ti02 0.02 0.06 1.22 1.18 1.15 1.19 0.05 0.07 0.09 0.07 0.03 
A(i03 15.15 14.12 15.15 15.62 15.09 15.18 18.58 18.22 17.71 18.77 18.91 
Cr203 0.00 0.02 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.04 0.04 
FeO 4.56 4.18 3.63 3.55 3.63 3.51 1.57 1.57 1.72 1.45 1.39 
MnO 0.04 0.03 0.06 0.06 0.12 0.11 0.05 0.05 0.09 0.04 0.06 
ZnO 0.00 0.09 0.00 0.00 0.20 0.13 0.01 0.07 0.18 0.02 0.25 
MgO 24.05 25.03 23.80 22.92 23.88 23.71 25.80 26.09 25.98 25.24 25.61 
CaO 0.09 0.08 0.02 0.02 0.00 0.00 0.03 0.03 0.06 0.01 0.04 
Na20 0.85 0.82 1.19 1.06 0.51 0.36 0.27 0.21 0.16 0.24 0.17 
K20 8.01 7.53 9.31 9.33 9.13 9.12 11.21 11.22 10.96 10.91 10.98 
F 1.82 1.86 0.47 0.00 0.27 1. 15 1.52 1.52 1.84 1.63 0.71 
Cl 0.09 0.10 0.15 0.15 0.17 0.15 0.06 0.09 0.08 0.07 0.07 
Total 97.65 97.96 96.23 96.28 95.23 96.14 96.94 96.60 96.12 98.15 97.67 I 
Atomic proportions based on 22 atoms of oxygen 
Si 5.966 6.067 5.786 5.889 5.801 5.841 5.338 5.321 5.338 5.497 5.450 
Ti 0.002 0.006 0.128 0.124 0.122 0.126 0.005 0.007 0.010 0.007 0.003 
Al 2.478 2.291 2.506 2.557 2.511 2.518 3.092 3.049 2.991 3.066 3.081 
Cr 0.000 0.002 0.000 0.000 0.002 0.003 0.000 0.000 0.000 0.004 0.004 
Fe 0.530 0.481 0.426 0.412 0.429 0.413 0.185 0.186 0.206 0.168 0.160 
Mn 0.005 0.003 0.007 0.007 0.014 0.013 0.006 0.006 0.011 0.005 0.007 
Zn 0.000 0.009 0.000 0.000 0.020 0.013 0.001 0.007 0.019 0.002 0.025 
Mg 4.976 5.139 4.980 4.747 5.029 4.976 5.432 5.522 5.549 5.215 5.277 
Ca 0.013 0.012 0.003 0.003 0.000 0.000 0.005 0.004 0.009 0.002 0.006 
Na 0.228 0.218 0.324 0.285 0.138 0.099 0.074 0.058 0.043 0.064 0.046 
K 1.419 1.323 1.667 1.654 1.645 1.638 2.019 2.032 2.004 1.929 1.936 
F 0.797 0.8 11 0.210 0.000 0.121 0.513 0.677 0.682 0.833 0.715 0.309 
Cl 0.022 0.022 0.035 0.035 0.039 0.037 0.015 0.022 0.020 0.017 0.015 N N 
Total 16.436 16.384 16.072 15.713 15.87116.190 16.849 16.896 17.033 16.691 16.319 ....... 
Table 8. Chemical compositions of plagioclase from the Marion deposit. 
Mineral Anorthite Andesine Anorthite 
Wt.% AHCO87 AHCO88 AHCO91A AHCO92 AHCO95 
Si02 43.82 43.67 43.69 42.98 41.86 42.58 55.90 55.34 56.20 56.32 54.65 39.03 44.17 42.91 
Ti02 0.01 0.02 0.00 0.00 0.02 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 
Afi03 33.53 35.84 34.94 38.41 37.68 38.03 28.81 28.74 28.90 29.52 29.33 35.16 35.25 35.69 
Cr203 0.01 0.05 0.02 0.01 0.00 0.04 0.01 0.04 0.00 0.07 0.01 0.00 0.00 0.04 
FeO 0.38 0.51 0.00 0.06 0.08 0.08 0.03 0.00 0.12 0.01 0.01 0.07 0.12 0.05 
MnO 0.00 0.00 0.00 0.00 0.03 0.00 0.06 0.00 0.05 0.00 0.00 0.06 0.00 0.06 
ZnO 0.00 0.16 0.07 0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.00 0.18 0.09 0.05 
MgO 0.24 0.77 0.20 0.31 0.19 0.28 0.15 0.20 0.66 0.19 0.22 0.33 0.26 0.38 
CaO 19.13 15.95 19.78 18.06 19.34 19.40 9.62 9.55 9.55 9.63 10.14 26.06 19.82 19.78 
Na20 1.08 1.12 0.92 0.33 0.39 0.34 6.25 5.95 6.12 6.00 6.23 0.00 0.23 0.20 
K20 0.02 0.19 0.01 0.74 0.00 0.03 0.07 0.05 0.06 0.05 0.04 0.01 0.00 0.01 
F 0.00 0.00 0.00 0.06 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.41 0.00 
Cl 0.13 0.08 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.12 0.00 0.00 
Total 98.33 98.34 99.63 100.98 99.58 100.80 100.91 99.89 101.71 101.82 100.61 101.02 100.34 99.17 
Atomic proportions based on 32 atoms of oxygen 
Si 8.290 8.181 8.148 7.880 7.796 7.828 9.967 9.955 9.943 9.935 9.803 7.395 8.185 8.027 
Ti 0.002 0.000 0.000 0.000 0.002 0.001 0.000 0.002 0.003 0.000 0.000 0.000 0.000 0.000 
Al 7.475 7.915 7.676 8.300 8.271 8.240 6.055 6.094 6.025 6.138 6.199 7.852 7.700 7.869 
Cr 0.002 0.011 0.004 0.001 0.000 0.005 0.001 0.006 0.000 0.010 0.001 0.000 0.000 0.006 
Fe 0.059 0.075 0.000 0.009 0.012 0.013 0.005 0.000 0.017 0.002 0.001 0.012 0.018 0.009 
Mn 0.000 0.000 0.000 0.000 0.005 0.000 0.010 0.000 0.008 0.000 0.000 0.010 0.000 0.010 
Zn 0.000 0.021 0.008 0.000 0.000 0.000 0.000 0.000 0.006 0.004 0.000 0.025 0.012 0.006 
Mg 0.067 0.213 0.056 0.084 0.053 0.076 0.041 0.053 0.173 0.051 0.057 0.093 0.071 0.107 
Ca 3.877 3.200 3.952 3.548 3.859 3.822 1.838 1.841 1.810 1.820 1.949 5.292 3.936 3.964 
Na 0.395 0.405 0.332 0.119 0.139 0.120 2.161 2.074 2 . .099 2.053 2.165 0.000 0.084 0.072 
K 0.003 0.043 0.000 0.174 0.000 0.006 0.015 0.011 0.013 0.010 0.009 0.001 0.000 0.003 
F 0.000 0.000 0.000 0.034 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.242 0.000 
Cl 0.040 0.021 0.000 0.006 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.039 0.000 0.001 N N 
Total 21.810 20.085 20.176 20.155 20.145 20.117 20.093 20.036 20.097 20.023 20.184 20.719 20.248 20.074 N 
223 
AMETHYST PROSPECT 
Table 1. Chemical compositions of spinel from the Amethyst deposit. 
Mineral S2inel 
Wt.% AHCO56 AHCO65 
Si02 0.21 0.35 0.19 0.36 0.34 0.17 0.28 0.25 0.17 
Ti02 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
A}i03 62.47 62.20 64.18 64.02 64.35 62.03 63.90 63.12 63.78 
Cr203 0.00 0.00 0.00 0.01 0.07 0.02 0.02 0.00 0.00 
FeO 21.90 21.94 20.36 20.24 22.07 20.16 19.68 19.77 19.64 
MnO 0.23 0.22 0.18 0.14 0.06 0.10 0.09 0.10 0.04 
ZnO 0.19 0.43 0.31 0.23 0.46 0.69 0.53 0.64 0.65 
MgO 14.18 14.24 14.91 14.85 13.40 15.26 15.39 15.19 15.28 
CaO 0.04 0.03 0.07 0.10 0.00 0.05 0.05 0.04 0.05 
Na20 0.01 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
K20 0.01 0.01 0.02 0.01 0.01 0.02 0.00 0.01 0.00 
F 0.00 0.00 0.00 0.28 0.12 0.00 0.00 0.17 0.00 
Cl 0.04 0.07 0.04 0.01 0.06 0.04 0.05 0.05 0.03 
Total 99.30 99.51 100.26 100.27 100.94 98.53 99.99 99.32 99.65 
Atomic proportions based on 4 atoms of oxygen 
Si 0.006 0.009 0.005 0.009 0.009 0.004 0.007 0.007 0.005 
Ti 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.954 1.944 1.970 1.967 1.978 1.946 1.963 1.960 1.967 
Cr 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Fe 0.486 0.487 0.443 0.441 0.481 0.449 0.429 0.435 0.430 
Mn 0.005 0.005 0.004 0.003 0.001 0.002 0.002 0.002 0.001 
Zn 0.004 0.008 0.006 0.004 0.009 0.013 0.010 0.012 0.013 
Mg 0.561 0.563 0.579 0.577 0.521 0.606 0.598 0.596 0.596 
Ca 0.001 0.001 0.002 0.003 0.000 0.001 0.001 0.001 0.001 
Na 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 
F 0.000 0.000 0.000 0.023 0.010 0.000 0.000 0.014 0.000 
Cl 0.002 0.003 0.002 0.000 0.003 0.002 0.002 0.002 0.001 N N 
Total 3.020 3.021 3.012 3.028 3.014 3.024 3.012 3.029 3.014 
Table 2. Chemical compositions of amphibole from the Amethyst deposit. 
Mineral Gedrite 
Wt. % AHCO65 AHCO53 AHCO56 
Si02 46.82 45.17 44.75 44.23 44.06 45.99 45 .55 45.30 46.16 43.68 42.73 44.80 43.64 44.63 
Ti02 0.18 0.28 0.18 0.14 0.21 0.20 0.28 0.32 0.23 0.31 0.32 0.36 0.34 0.32 
A(z03 14.03 17.97 16.94 16.58 17.90 16.27 17.48 17.37 16.76 18.70 18.93 18.34 18.98 18.44 
Cr203 0.00 0.01 0.00 0.00 0.05 0.02 0.03 0.02 0.02 0.00 0.00 0.00 0.05 0.00 
FeO 10.89 10.70 10.17 10.23 9.77 9.92 9.72 10.04 9.76 10.60 11.20 10.44 10.68 10.32 
MnO 0.32 0.26 0.23 0.28 0.33 0.35 0.27 0.23 0.23 0.61 0.44 0.43 0.54 0.51 
ZnO 0.00 0.01 0.00 0.13 0.00 0.00 0.00 0.00 0.05 0.05 0.06 0.00 0.00 0.10 
MgO 23.02 21 .97 22.36 22.58 22.17 22.77 21.87 22.19 22.34 21.21 20.44 20.72 20.99 21.41 
CaO 1.00 1.38 1. l 6 0.85 1.06 1.03 1.17 1.29 1.11 0.69 0.60 0.75 0.73 0.77 
Na20 1.14 1.35 1.72 1.65 1.37 1.40 1.32 1.53 1.41 2.61 2.30 2.32 2.33 2.28 
K20 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.03 0.01 0.01 0.02 0.02 0.01 0.00 
F 0.51 1.02 0.64 0.57 0.59 1.27 1.33 0.00 0.82 1.07 0.38 0.38 0.32 0.57 
Cl 0.02 0.01 0.00 0.00 0.00 0.00 0.04 0.02 0.03 0.00 0.03 0.00 0.00 0.00 
Total 97.94 100.12 98.16 97.24 97.50 99.21 99.09 98.35 98.93 99.55 97.44 98.55 98.59 99.35 
Atomic proportions based on 23 atoms of oxygen 
Si 6.542 6.211 6.250 6.240 6.175 6.370 6.313 6.262 6.374 6.081 6.047 6.222 6.079 6.168 
Ti 0.019 0.029 0.019 0.015 0.022 0.020 0.029 0.033 0.024 0.033 0.034 0.037 0.035 0.033 
Al 2.311 2.913 2.789 2.756 2.958 2.656 2.855 2.831 2.727 3.068 3.157 3.001 3.115 3.003 
Cr 0.000 0.001 0.000 0.000 0.005 0.003 0.003 0.003 0.003 0.000 0.000 0.000 0.006 0.000 
Fe 1.273 1.230 1.188 1.206 1.145 1.149 1.126 1.160 1.127 1.235 1.325 1.212 1.244 1.193 
Mn 0.038 0.031 0.027 0.034 0.039 0.042 0.032 0.026 0.027 0.072 0.052 0.051 0.064 0.059 
Zn 0.000 0.001 0.000 0.013 0.000 0.000 0.000 0.000 0.005 0.005 0.007 0.000 0.000 0.010 
Mg 4.796 4.503 4.656 4.749 4.632 4.702 4.517 4.573 4.598 4.402 4.312 4.290 4.359 4.410 
Ca 0.150 0.203 0.174 0.129 0.159 0.153 0.174 0.192 0.164 0.103 0.090 0.111 0.108 0.114 
Na 0.310 0.360 0.467 0.452 0.371 0.375 0.354 0.410 0.377 0.703 0.630 0.626 0.629 0.612 
K 0.000 0.001 0.000 0.000 0.000 0.000 0.006 0.006 0.001 0.003 0.003 0.003 0.001 0.000 
F 0.226 0.444 0.282 0.255 0.260 0.557 0.583 0.000 0.360 0.473 0.168 0.167 0.139 0.249 
Cl 0.004 0.001 0.000 0.000 0.001 0.000 0.009 0.006 0.007 0.001 0.006 0.000 0.000 0.000 N N 
Total 15.669 15.928 15.852 15 .849 15 .767 16.027 16.001 15.502 15.794 16.179 15 .831 15.720 15.779 15.851 Vl 
Table 2 ( continued). Chemical compositions of amphibole from the Amethyst deposit. 
Mineral Gedrite 
Wt. % AHCO56 
Si02 43.58 44.56 44.35 42.98 
Ti02 0.22 0.24 0.26 0.20 
Alz03 19.63 19.08 19.44 20.17 
Cr203 0.00 0.01 0.00 0.00 
FeO 11.32 11.53 11.26 11.03 
MnO 0.69 0.59 0.52 0.64 
ZnO 0.05 0.00 0.02 0.03 
MgO 20.87 20.58 20.71 20.71 
CaO 0.53 0.61 0.61 0.60 
Na20 2.28 2.21 2.40 2.49 
K20 0.00 0.02 0.02 0.02 
F 0.56 0.19 0.51 0.89 
Cl 0.01 0.01 0.01 0.02 
Total 99.74 99.61 100.11 99.76 
Atomic proportions based on 23 atoms of oxygen 
Si 6.034 6.141 5.969 5.969 
Ti 0.023 0.027 0.027 0.023 
Al 3.201 3.101 3.151 3.301 
Cr 0.000 0.000 0.000 0.000 
Fe 1.311 1.330 1.296 1.280 
Mn 0.081 0.069 0.061 0.077 
Zn 0.004 0.000 0.000 0.004 
Mg 4.305 4.232 4.247 4.290 
Ca 0.081 0.088 0.088 0.088 
Na 0.613 0.590 0.640 0.671 
K 0.000 0.004 0.004 0.004 
F 0.245 0.084 0.222 0.391 
Cl 0.000 0.000 0.000 0.004 N N 
Total 15.897 15.667 15.839 16.100 0\ 
Table 3. Chemical compositions of sapphirine, corundum, plagioclase, and rutile from the Amethyst deposit. 
Mineral Sa22hirine Corundum Anorthite Rutile 
Wt. % AHCO56 AHCO65 AHCO56 AHCO53 
Si02 11 .58 11.34 13.67 13.41 0.28 42.53 41.80 45.55 44.39 0.02 0.08 
Ti02 0.03 0.00 0.04 0.07 0.03 0.00 0.02 0.02 0.00 98.50 97.53 
A}i03 67.09 67.00 62.08 62.69 97.57 36.83 37.37 36.39 36.25 0.42 0.38 
Cr203 0.01 0.02 0.00 0.08 0.00 0.00 0.06 0.00 0.00 0.01 0.01 
FeO 5.42 5.72 6.31 6.18 0.88 0.00 0.00 0.26 0.10 1.51 1.30 
MnO 0.07 0.06 0.06 0.02 0.00 0.00 0.00 0.06 0.03 0.00 0.00 
ZnO 0.00 0.08 0.00 0.01 0.00 0.06 0.00 0.00 0.05 0.00 0.00 
MgO 17.29 16.80 17.46 17.86 0.09 0.25 0.28 0.76 0.19 0.14 0.12 
CaO 0.01 0.00 0.04 0.06 0.03 20.47 20.33 18.08 20.04 0.02 0.04 
Na20 0.03 0.00 0.03 0.01 0.02 0.13 0.21 0.64 0.68 0.00 0.00 
K20 0.02 0.00 0.02 0.00 0.02 0.00 0.00 0.21 0.01 0.03 0.03 
F 0.00 0.00 0.61 0.08 0.19 0.00 0.00 0.00 0.00 0.22 0.78 
Cl 0.01 0.04 0.03 0.02 0.03 0.00 0.00 0.02 0.00 0.00 0.02 
Total 101.55 101.09 100.35 100.47 99.13 100.27 100.06 101.98 101.74 100.85 100.29 
Oxygens 20 3 32 2 
Si 1.345 1.326 1.622 1.580 0.005 7.884 7.770 8.235 8.098 0.000 0.001 
Ti 0.003 0.000 0.003 0.006 0.000 0.000 0.002 0.003 0.000 0.985 0.985 
Al 9.182 9.229 8.680 8.707 1.982 8.045 8.187 7.755 7.794 0.006 0.006 
Cr 0.001 0.002 0.000 0.007 0.000 0.000 0.008 0.000 0.000 0.000 0.000 
Fe 0.526 0.559 0.626 0.609 0.013 0.000 0.000 0.040 0.016 0.017 0.015 
Mn 0.007 0.006 0.006 0.002 0.000 0.000 0.000 0.009 0.004 0.000 0.000 
Zn 0.000 0.007 0.000 0.000 0.000 0.007 0.000 0.000 0.007 0.000 0.000 
Mg 2.992 2.928 3.088 3.138 0.002 0.070 0.078 0.203 0.051 0.003 0.002 
Ca 0.001 0.000 0.005 0.008 0.001 4.065 4.048 3.502 3.916 0.000 0.001 
Na 0.007 0.000 0.007 0.001 0.001 0.047 0.074 0.224 0.239 0.000 0.000 
K 0.003 0.001 0.003 0.000 0.000 0.000 0.001 0.049 0.001 0.000 0.000 
F 0.000 0.000 0.229 0.030 0.010 0.000 0.000 0.000 0.000 0.009 0.033 
Cl 0.002 0.009 0.006 0.003 0.001 0.001 0.000 0.005 0.001 0.000 0.001 N N 
Total 14.069 14.067 14.275 14.091 2.015 20.119 20.168 20.025 20.127 1.020 1.044 
--..J 
Table 4. Chemical compositions of mica from the Amethyst deposit. 
Mineral Phlogo2ite 
Wt.% AHCO65 AHCO53 AHCO56 
Si02 40.02 40.70 39.42 39.96 40.22 40.42 39.92 39.95 40.81 
Ti02 0.42 0.40 0.40 0.48 0.45 0.46 1.13 1.08 1.00 
Alz03 15.53 15.29 16.76 14.76 16.37 15.54 16.70 16.74 18.37 
Cr203 0.00 0.05 0.04 0.00 0.00 . 0.00 0.00 0.01 0.02 
FeO 3.27 3.66 3.79 3.75 3.85 3.76 4.84 4.71 4.67 
MnO 0.03 0.00 0.00 0.03 0.01 0.02 0.02 0.00 0.01 
ZnO 0.02 0.03 0.00 0.00 0.00 0.00 0.05 0.02 0.00 
MgO 24.64 24.47 25.62 24.57 24.26 24.45 23.05 22.53 21.33 
CaO 0.00 0.00 0.00 0.14 0.07 0.01 0.03 0.02 0.01 
Na20 0.50 0.27 0.32 0.50 0.45 0.36 0.94 0.86 0.69 
K20 9.28 8.47 7.44 9.10 9.23 8.98 8.64 8.94 8.25 
F 2.72 2.58 2.05 3.81 2.63 1.79 1.64 1.53 0.93 
Cl 0.01 0.04 0.03 0.04 0.04 0.02 0.03 0.03 0.02 
Total 96.44 95.94 95.87 97.13 97.57 95.81 96.96 96.41 96.12 
Atomic proportions based on 22 atoms of oxygen 
Si 5.716 5.802 5.575 5.748 5.678 5.749 5.631 5.662 5.709 
Ti 0.045 0.042 0.043 0.052 0.047 0.049 0.120 0.115 0.105 
Al 2.614 2.569 2.794 2.501 2.723 2.605 2.776 2.796 3.028 
Cr 0.000 0.006 0.005 0.000 0.000 0.000 0.000 0.001 0.002 
Fe 0.391 0.437 0.449 0.451 0.455 0.447 0.571 0.558 0.547 
Mn 0.003 0.001 0.000 0.004 0.001 0.002 0.002 0.000 0.001 
Zn 0.002 0.003 0.000 0.000 0.000 0.000 0.005 0.002 0.000 
Mg 5.246 5.201 5.402 5.269 5.105 5.183 4.847 4.761 4.449 
Ca 0.000 0.000 0.000 0.021 0.010 0.002 0.004 0.002 0.002 
Na 0.140 0.073 0.087 0.138 0.122 0.099 0.257 0.235 0.187 
K 1.691 1.540 1.341 1.670 1.663 1.630 1.555 1.617 1.472 
F 1.228 1.161 0.916 1.735 1.173 0.803 0.730 0.686 0.413 
Cl 0.002 0.008 0.006 0.010 0.009 0.006 0.006 0.007 0.005 N N 
Total 17.078 16.843 16.618 17.599 16.986 16.575 16.504 16.442 00 15.920 
229 
UNNAMED PROSPECT 
Table 1. Chemical compositions of spinel from the Unnamed deposit. · 
Mineral S2inel 
Wt.% AHCO74 (core) (rim) AHCO75 AHCO76 
Si02 0.09 0.13 0.10 0.11 0.32 0.26 0.32 0.04 0.08 0.04 0.19 0.18 0.30 0.22 
Ti02 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 
Alz03 65.83 64.78 65.65 65.15 66.41 66.99 65.45 65.59 65.77 66.67 64.97 64.13 65.47 66.14 
Cr203 0.00 0.00 0.00 0.01 0.00 0.02 0.06 0.00 0.00 0.00 0.01 0.09 0.00 0.00 
FeO 14.84 15.12 15.30 15.20 13.65 13.24 14.00 15.25 14.78 15.07 14.06 15.45 15.17 14.96 
MnO 0.00 0.07 0.08 0.14 0.05 0.11 0.08 0.06 0.04 0.03 0.11 0.13 0.00 0.02 
ZnO 0.36 0.56 0.46 0.41 0.30 0.37 0.21 0.26 0.27 0.24 0.45 0.57 0.41 0.58 
MgO 18.82 18.68 18.48 18.58 19.47 19.59 19.85 19.04 18.44 18.27 18.98 18.35 18.31 18.69 
CaO 0.01 0.00 0.01 0.00 0.01 0.03 0.02 0.04 0.01 0.00 0.00 0.02 0.00 0.01 
Na20 0.05 0.00 0.00 0.00 0.03 0.02 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 
F 0.06 0.05 0.18 0.00 0.00 0.00 0.00 0.00 0.36 0.00 0.00 0.00 0.29 0.00 
Cl 0.04 0.04 0.04 0.04 0.07 0.05 0.03 0.06 0.01 0.00 0.04 0.05 0.05 0.03 
Total 100.09 99.44 100.30 99.66 100.31 100.68 100.02 100.43 99.76 100.33 98.82 98.96 100.02 100.66 
Atomic proportions based on 4 atoms of oxygen 
Si 0.002 0.003 0.002 0.003 0.008 0.007 0.008 0.001 0.002 0.001 0.005 0.005 0.008 0.006 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.972 1.961 1.971 1.965 1.972 1.978 1.953 1.962 1.981 1.989 1.967 1.955 1.970 1.971 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.002 0.000 0.000 
Fe 0.316 0.325 0.326 0.325 0.287 0.277 0.296 0.324 0.316 0.319 0.302 0.334 0.324 0.316 
Mn 0.000 0.002 0.002 0.003 0.001 0.002 0.002 0.001 0.001 0.001 0.002 0.003 0.000 0.000 
Zn 0.007 0.011 0.009 0.008 0.006 0.007 0.004 0.005 0.005 0.004 0.009 0.011 0.008 0.011 
Mg 0.713 0.715 0.702 0.709 0.731 0.732 0.749 0.721 0.703 0.690 0.727 0.707 0.697 0.704 
Ca 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.002 0.000 0.000 0.000 0.002 0.001 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.005 0.004 0.014 0.000 0.000 0.000 0.000 0.000 0.029 0.000 0.000 0.000 0.024 0.000 
Cl 0.002 0.002 0.002 0.002 0.003 0.002 0.001 0.003 0.000 0.000 0.002 0.002 0.002 0.001 N w 
Total 3.019 3.023 3.028 3.015 3.010 3.007 3.014 3.021 3.037 3.004 3.014 3.019 3.033 3.009 0 
Table 1 ( continued). Chemical compositions of spin el from the Unnamed deposit. 
Mineral S2inel 
Wt.% AHCO76 (rim) AHCO77 AHCO78 
Si02 0.23 (core) 0.31 0.14 0.14 0.14 0.19 0.16 0.18 0.11 0.22 0.17 0.23 0.23 0.19 
Ti02 0.01 0.01 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.02 0.00 0.01 0.02 0.02 
A)i03 65.51 64.85 66.39 66.14 65.70 62.85 64.40 65.90 63.90 65.86 66.01 65.79 65.59 65.66 
Cr203 0.11 0.03 0.00 0.00 0.03 0.00 0.03 0.00 0.05 0.00 0.08 0.08 0.04 0.02 
FeO 14.79 14.94 14.41 14.17 16.44 17.07 16.47 17.25 16.40 16.42 16.25 14.30 14.59 13.91 
MnO 0.04 0.10 0.02 0.11 0.00 0.00 0.03 0.04 0.06 0.00 0.11 0.05 0.12 0.11 
ZnO 0.44 0.50 0.41 0.47 0.41 0.79 0.44 0.32 0.69 0.40 0.53 0.24 0.34 0.24 
MgO 18.74 18.83 18.86 19.30 17.40 17.78 17.66 17.59 17.63 17.87 17.98 19.43 19.45 19.04 
CaO 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na20 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.04 0.00 0.03 0.00 
K20 0.00 0.01 0.01 0.00 0.01 0.02 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.03 
F 0.09 0.39 0.00 0.08 0.00 0.00 0.03 0.14 0.06 0.41 0.00 0.04 0.00 0.00 
Cl 0.08 0.06 0.04 0.06 0.05 0.05 0.05 0.05 0.04 0.04 0.05 0.04 0.05 0.04 
Total 100.06 100.07 100.31 100.47 100.20 98.76 99.30 101.47 98.96 101.22 101.23 100.21 100.45 99.27 
Atomic proportions based on 4 atoms of oxygen 
Si 0.006 0.008 0.004 0.004 0.004 0.005 0.004 0.004 0.003 0.006 0.004 0.006 0.006 0.005 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.966 1.955 1.979 1.970 1.979 1.938 1.963 1.969 1.958 1.971 1.969 1.963 1.956 1.974 
Cr 0.002 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.002 0.001 0.001 0.000 
Fe 0.315 0.320 0.305 0.299 0.352 0.374 0.356 0.366 0.357 0.349 0.344 0.303 0.309 0.297 
Mn 0.001 0.002 0.000 0.002 0.000 0.000 0.001 0.001 0.001 0.000 0.002 0.001 0.003 0.002 
Zn 0.008 0.009 0.008 0.009 0.008 0.015 0.008 0.006 0.013 0.007 0.010 0.005 0.006 0.004 
Mg 0.711 0.718 0.711 0.727 0.663 0.693 0.681 0.665 0.683 0.676 0.678 0.733 0.734 0.724 
Ca 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.002 0.000 0.002 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
F 0.007 0.032 0.000 0.006 0.000 0.000 0.003 0.012 0.005 0.033 0.000 0.004 0.000 0.000 
Cl 0.003 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 N v.) .,_... 
Total 3.020 3.050 3.010 3.019 3.009 3.028 3.020 3.025 3.024 3.044 3.013 3.018 3.019 3.009 
Table 1 ( continued). Chemical compositions of spin el from the Unnamed deposit. 
Mineral Spinel 
Wt.% AHCO78 AHCO79 (core) AHCO80 AHCO8 l (core) 
Si02 0.15 0.14 0.18 0.24 0.15 0.30 0.37 0.50 0.28 0.27 0.23 0.17 0.06 0.05 
Ti02 0.00 0.03 0.04 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 
Al203 67.45 66.33 64.32 64.22 63.21 64.76 61.53 64.57 63.45 63.07 62.77 63.57 65.21 64.48 
Cr203 0.07 0.08 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.08 
FeO 14.80 15.10 18.22 18.22 18.45 17.57 18.62 17.60 18.63 18.49 19.65 18.61 16.28 16.03 
MnO 0.05 0.00 0.09 0.01 0.10 0.03 0.11 0.03 0.02 0.05 0.00 0.02 0.05 0.00 
ZnO 0.11 0.21 0.91 0.96 1.08 0.77 3.91 3.92 4.51 4.40 2.89 3.18 1.50 1.86 
MgO 18.22 18.66 16.36 16.24 16.31 16.67 14.62 14.55 13.83 13 .73 14.41 14.50 16.99 17.42 
CaO 0.00 0.00 0.03 0.02 0.16 0.01 0.00 0.00 0.02 0.01 0.03 0.00 0.01 0.00 
Na20 0.00 0.01 0.03 0.00 0.07 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.01 0.01 0.00 0.00 0.05 0.03 0.00 0.01 0.00 0.00 0.01 0.02 0.02 0.01 
F 0.00 0.09 0.13 0.00 0.00 0.00 0.31 0.09 0.00 0.00 0.03 0.08 0.00 0.02 
Cl 0.06 0.06 0.05 0.03 0.08 0.06 0.03 0.02 0.04 0.03 0.05 0.03 0.03 0.03 
Total l 00.91 100.69 100.37 99.93 99.68 100.29 99.51 101.32 100.79 100.04 100.09 100.19 100.15 99.99 
Atomic proportions based on 4 atoms of oxygen 
Si 0.004 0.003 0.005 0.006 0.004 0.008 0.010 0.013 0.007 0.007 0.006 0.005 0.002 0.001 
Ti 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.996 1.976 1.962 1.964 1.948 1.965 1.935 1.970 1.964 1.966 1.953 1.968 1.977 1.962 
Cr 0.001 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 
Fe 0.311 0.319 0.394 0.395 0.403 0.378 0.416 0.381 0.409 0.409 0.434 0.409 0.350 0.346 
Mn 0.001 0.000 0.002 0.000 0.002 0.001 0.002 0.001 0.000 0.001 0.000 0.000 0.001 0.000 
Zn 0.002 0.004 0.017 0.018 0.021 0.015 0.077 0.075 0.088 0.086 0.056 0.062 0.028 0.035 
Mg 0.682 0.703 0.631 0.628 0.636 0.640 0.582 0.562 0.542 0.541 0.567 0.568 0.651 0.670 
Ca 0.000 0.000 0.001 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Na 0.000 0.000 0.001 0.000 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 
F 0.000 0.007 0.011 0.000 0.000 0.000 0.027 0.008 0.000 0.000 0.003 0.007 0.000 0.001 
Cl 0.003 0.002 0.002 0.002 0.004 0.003 0.001 0.001 0.002 0.001 0.002 0.001 0.001 0.002 




Table 1 ( continued). Chemical compositions of spin el from the Un!)am~~- <!~2osit. 
Mineral S2inel 
Wt.% AHCO8 l (rim) (rim) AHCO82 AHCO83 
Si02 0.21 0.17 0.23 0.26 0.08 0.51 0.35 0.20 0.01 0.20 0.16 0.13 0.11 0.25 
Ti02 0.02 0.05 0.00 0.01 0.05 0.02 0.00 0.00 0.02 0.02 0.01 0.01 0.00 0.00 
Al203 63.75 65.60 64.79 65.41 65.50 61.60 62.16 62.88 64.16 62.44 65.16 64.99 65.77 64.82 
Cr203 0.01 0.00 0.02 0.00 0.00 0.04 0.06 0.05 0.10 0.00 0.00 0.02 0.00 0.01 
FeO 16.41 16.10 16.11 15.57 15.94 19.28 19.31 19.06 18.04 18.65 17.23 17.41 17.84 16.33 
MnO 0.00 0.09 0.03 0.11 0.07 0.12 0.17 0.16 0.12 0.15 0.11 0.15 0.05 0.10 
ZnO 1.68 1.55 1.26 1.45 1.50 4.39 3.87 3.94 3.60 3.49 0.38 0.17 0.34 0.36 
MgO 17.39 17.49 17.03 17.50 17.13 13.20 13.30 14.35 14.69 14.44 17.75 17.35 17.55 17.73 
CaO 0.00 0.00 0.01 0.01 0.00 0.04 0.00 0.04 0.05 0.00 0.00 0.03 0.02 0.00 
Na20 0.02 0.00 0.00 0.02 0.01 0.00 0.00 0.01 0.03 0.00 0.00 0.03 0.00 0.02 
K20 0.01 0.01 0.02 0.00 0.00 0.02 0.01 0.04 0.01 0.00 0.00 0.01 0.00 0.01 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.08 
Cl 0.06 0.05 0.08 0.05 0.05 0.11 0.04 0.06 0.06 0.06 0.01 0.00 0.00 0.01 
Total 99.55 101.11 99.57 100.37 100.32 99.33 99.26 100.78 100.99 99.45 100.81 100.29 101.68 99.73 
Atomic proportions based on 4 atoms of oxygen 
Si 0.005 0.004 0.006 0.007 0.002 0.014 0.009 0.005 0.000 0.005 0.004 0.003 0.003 0.006 
Ti 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.951 1.968 1.972 1.971 1.979 1.946 1.958 1.949 1.971 1.954 1.959 1.965 1.964 1.964 
Cr 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.002 0.000 0.000 0.000 0.000 0.000 
Fe 0.356 0.343 0.348 0.333 0.342 0.432 0.432 0.419 0.393 0.414 0.368 0.373 0.378 0.351 
Mn 0.000 0.002 0.001 0.002 0.001 0.003 0.004 0.003 0.003 0.003 0.002 0.003 0.001 0.002 
Zn 0.032 0.029 0.024 0.027 0.028 0.087 0.076 0.077 0.069 0.068 0.007 0.003 0.006 0.007 
Mg 0.673 0.664 0.656 0.667 0.655 0.528 0.530 0.563 0.571 0.572 0.675 0.664 0.663 0.680 
Ca 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.000 
Na 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.001 
K 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.006 
Cl 0.002 0.002 0.003 0.002 0.002 0.005 0.002 0.003 0.003 0.003 0.000 0.000 0.000 0.001 N w 
Total 3.020 3.013 3.011 3.010 3.011 3.018 3.012 3.022 3.023 3.019 3.015 3.013 3.016 3.018 
w 
Table 2. Chemical compositions of cordierite from the Unnamed deposit. 
Mineral Cordierite 
Wt.% AHCO74 AHCO77 AHCO78 AHCO79 
Si02 51.31 51.19 51.66 52.14 50.41 50.70 50.49 49.87 51.46 49.17 50.55 50.25 50.06 51.12 
Ti02 0.01 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
A(i03 35.14 33.32 34.82 32.68 33.84 34.68 35.07 33.54 33.77 36.65 34.54 33.79 34.93 35.02 
Cr203 0.12 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.00 0.09 0.05 0.00 
FeO 1.44 1.34 1.31 1.64 1.76 1.56 1.84 1.70 1.52 1.70 1.77 1.69 1.88 1.68 
MnO 0.06 0.00 0.04 0.05 0.00 0.02 0.00 0.00 0.04 0.06 0.01 0.02 0.02 0.02 
ZnO 0.00 0.03 0.00 0.07 0.11 0.07 0.00 0.08 0.01 0.04 0.00 0.17 0.03 0.05 
MgO 13.25 13.01 13.16 12.81 12.63 12.77 12.46 12.51 13.15 12.64 12.85 12.57 12.35 12.93 
CaO 0.03 0.01 0.01 0.03 0.02 0.03 0.03 0.06 0.05 0.10 0.01 0.04 0.04 0.02 
Na20 0.01 0.00 0.03 0.00 0.00 0.00 0.01 0.02 0.07 0.08 0.04 0.02 0.03 0.02 
K20 0.00 0.01 0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 
F 0.00 0.00 0.04 0.47 0.10 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.07 0.05 0.03 0.07 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 
Total 101.43 98.95 101.13 99.95 98.90 99.93 99.92 97.79 100.09 100.51 99.78 98.65 99.41 100.86 
Atomic proportions based on 18 atoms of oxygen 
Si 4.966 5.067 5.007 5.139 5.011 4.982 4.962 5.008 5.043 5.888 4.976 5.005 4.950 4.976 
Ti 0.001 0.000 0.001 0.000 0.002 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Al 4.009 3.887 3.978 3.796 3.965 4.016 4.063 3.970 3.901 5.172 4.007 3.967 4.071 4.017 
Cr 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.004 0.000 0.007 0.004 0.000 
Fe 0.117 0.110 0.106 0.135 0.146 0.128 0.151 0.143 0.124 0.170 0.146 0.141 0.156 0.137 
Mn 0.005 0.000 0.003 0.004 0.000 0.002 0.000 0.000 0.003 0.006 0.001 0.001 0.002 0.002 
Zn 0.000 0.002 0.000 0.005 0.008 0.005 0.000 0.006 0.001 0.004 0.000 0.012 0.002 0.004 
Mg 1.913 1.921 1.902 1.881 1.872 1.871 1.826 1.873 1.921 2.256 1.885 1.867 1.820 1.877 
Ca 0.002 0.001 0.001 0.003 0.002 0.004 0.003 0.006 0.005 0.013 0.001 0.005 0.004 0.002 
Na 0.002 0.000 0.006 0.000 0.000 0.000 0.001 0.003 0.013 0.019 0.008 0.004 0.006 0.004 
K 0.000 0.001 0.002 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 
F 0.000 0.001 0.013 0.147 0.032 0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cl 0.011 0.008 0.005 0.013 0.001 0.001 0.001 0.001 0.001 0.003 0.001 0.000 0.000 0.001 N v.) 
Total 11.035 10.998 11.024 11.123 11.039 11.032 11.008 11.010 11.013 13.535 11.026 11.010 11.018 11.020 
Table 2 (continued). Chemical compositions of cordierite from the Unnamed deposit. 
Mineral Cordierite 
Wt. % AHCO79 A HCO80 AHCO81 AHCO82 ( corona) 
Si02 49.65 48.01 49.31 49.86 48.71 48.45 49.46 49.82 49 .74 49.54 52.73 52.05 51.76 49.40 
Ti02 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.02 0.00 0.00 0.00 0.00 
AiiOJ 35.88 35.95 34.85 36.20 34.35 35 .37 36.23 36.71 34.10 35.50 33.85 33.47 34.73 35.36 
Cr203 0.00 0.00 0.02 0 .00 0.01 0.00 0.05 0.02 0.14 0.00 0.00 0.07 0.00 0.00 
FeO 1.54 2.10 2.05 2.27 1.55 1.46 1.44 1.50 1.87 2.15 1.95 2.21 2.14 2.06 
MnO 0.05 0.01 0.01 0.04 0.06 0.03 0.03 0.01 0.02 0.00 0.01 0.00 0.00 0.12 
ZnO 0.00 0.04 0.00 0.00 0.01 0.00 0.06 0.00 0.00 0.00 0.00 0.14 0.00 0.00 
MgO 13 .01 12.89 12.98 12.59 12.56 12.78 12.69 12.88 12.60 12.37 12.59 12.17 11.87 12.12 
CaO 0.00 0.01 0.00 0.01 0.07 0.09 0.05 0.01 0.05 0.04 0.05 0.05 0.01 0.04 
Na20 0.06 0.04 0.06 0.07 0.01 0.02 0.03 0.01 0.11 0.00 0.02 0.04 0.10 0.05 
K20 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.02 0.01 0.00 0.05 0.04 0.01 
F 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.10 0.20 0.42 0.03 0.11 
Cl 0.01 0.01 0.00 0.01 0.02 0.01 0 .00 0.01 0.04 0.03 0.07 0.04 0.03 0.05 
Total 100.21 99.08 99.29 101.16 97.36 98.21 100.07 I 00.98 98.71 99.76 101.48 100.71 100.70 99.31 
Atomic proportions based on 18 atoms of oxygen 
Si 4.870 4.783 4.893 4.864 4.917 4.849 4.856 4.846 4.961 4.895 5.109 5.104 5.049 4.904 
Ti 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.002 0.001 0.000 0.000 0.000 0.000 
Al 4.148 4.222 4.076 4 .162 4.087 4.173 4.192 4.208 4.008 4.134 3.865 3.868 3.993 4.138 
Cr 0.000 0.000 0.001 0.000 0.001 0.000 0.004 0.002 0.011 0.000 0.000 0.005 0.000 0.000 
Fe 0.127 0.175 0.170 0.185 0.131 0.122 0.118 0.122 0.156 0.178 0.158 0.181 0.174 0.171 
Mn 0.004 0.001 0.001 0.003 0.005 0.002 0.003 0.001 0.002 0.000 0.001 0.000 0.000 0.010 
Zn 0.000 0.003 0.000 0.000 0.001 0.000 0.004 0.000 0.000 0.000 0.000 0.010 0.000 0.000 
Mg 1.902 1.914 1.921 1.831 1.890 1.907 1.857 1.868 1.874 1.822 1.819 1.779 1.726 1.793 
Ca 0.000 0.001 0.000 0.001 0.008 0.010 0.006 0.002 0.005 0.005 0.005 0.005 0.001 0.005 
Na 0.011 0.007 0.012 0.014 0.001 0.004 0.006 0.002 0.021 0.000 0.003 0.008 0.018 0.010 
K 0.000 0.002 0.001 0.001 0.001 0.000 0.002 0.000 0.002 0.002 0.000 0.006 0.005 0.002 
F 0.000 0.000 0.000 0.028 0.000 0.000 0.000 0.000 0.000 0.030 0.063 0.131 0.009 0.034 
Cl 0.002 0.001 0.001 0.001 0.003 0.002 0.000 0.002 0.007 0.005 0.012 0.007 0.004 0.008 N w 
Total 11.064 11.110 11.076 11.090 11.045 11 .069 11.049 11.053 11.049 11.072 11.035 1 1.104 10.979 I 1.075 Vl 
Table 3. Chemical compositions of sapphirine from the Unnamed deposit. 
Mineral Sa22hirine 
Wt.% AHCO74 AHCO76 AHCO77 AHCO81 
Si02 13.21 13.71 14.46 14.05 14.02 13.33 13.41 12.53 13.71 12.61 14.22 14.19 13.70 14.12 12.08 
Ti02 0.01 0.12 0.12 0.04 0.00 0.00 0.05 0.01 0.05 0.05 0.05 0.05 0.00 0.00 0.00 
A)z03 64.20 61.91 60.78 62.85 63.36 63.38 64.22 63.46 64.60 66.08 49.97 62.84 63.92 62.03 64.95 
Cr203 0.00 0.00 0.04 0.00 0.00 0.12 0.00 0.04 0.00 0.00 0.00 0.03 0.02 0.00 0.14 
FeO 4.24 5.37 5.17 4.64 4.92 4.77 4.83 4.98 5.18 5.05 14.99 5.23 5.45 5.26 5.09 
MnO 0.04 0.11 0.08 0.04 0.09 0.07 0.08 0.05 0.04 0.00 0.09 0.00 0.07 0.07 0.02 
ZnO 0.00 0.00 0.04 0.14 0.00 0.02 0.00 0.05 0.10 0.04 0.48 0.00 0.13 0.06 0.02 
MgO 19.31 18.87 18.60 18.61 18.71 18.64 18.86 18.41 17.58 15.27 20.16 17.60 18.10 17.75 17.56 
CaO 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 
Na20 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.01 0.00 0.05 0.03 0.00 0.00 0.00 0.00 
K20 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00 0.01 0.00 0.01 
F 0.43 0.00 0.21 0.00 0.00 0.00 0.00 0.04 0.08 0.09 0.44 0.16 0.00 0.11 0.00 
Cl 0.03 0.06 0.04 0.04 0.04 0.04 0.03 0.04 0.05 0.08 0.03 0.06 0.05 0.10 0.04 
Total 101.46 100.18 99.55 100.43 101.15 100.36 101.51 99.61 101.40 99.35 100.52 100.16 101.44 99.50 99.92 
Atomic proportions based on 20 atoms of oxygen 
Si 1.533 1.615 1.714 1.643 1.629 1.562 1.553 1.482 1.590 1.491 1.778 1.668 1.592 1.672 1.424 
Ti 0.001 0.010 0.011 0.003 0.000 0.000 0.004 0.001 0.004 0.005 0.005 0.004 0.000 0.000 0.000 
Al 8.783 8.595 8.489 8.661 8.675 8.752 8.766 8.851 8.835 9.205 7.362 8.703 8.753 8.659 9.025 
Cr 0.000 0.000 0.004 0.000 0.000 0.011 0.000 0.004 0.000 0.000 0.000 0.003 0.002 0.000 0.013 
Fe 0.412 0.529 0.513 0.453 0.478 0.468 0.468 0.493 0.503 0.500 1.567 0.514 0.530 0.521 0.502 
Mn 0.004 0.011 0.008 0.004 0.009 0.007 0.008 0.005 0.004 0.000 0.009 0.000 0.006 0.007 0.002 
Zn 0.000 0.000 0.003 0.012 0.000 0.001 0.000 0.004 0.009 0.003 0.044 0.000 0.011 0.005 0.002 
Mg 3.341 3.314 3.287 3.245 3.240 3.256 3.256 3.248 3.041 2.691 3.758 3.084 3.136 3.133 3.087 
Ca 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000 
Na 0.000 0.000 0.000 0.005 0.000 0.000 0.005 0.002 0.000 0.011 0.008 0.000 0.000 0.001 0.000 
K 0.000 0.002 0.000 0.000 0.001 0.000 0.000 0.000 0.004 0.004 0.000 0.000 0.001 0.000 0.001 
F 0.158 0.000 0.079 0.000 0.000 0.000 0.000 0.017 0.030 0.033 0.174 0.060 0.000 0.040 0.000 
Cl 0.006 0.013 0.009 0.008 0.007 0.007 0.005 0.007 0.009 0.016 0.006 0.012 0.010 0.020 0.009 N v.) 
Total 14.238 14.091 14.117 14.034 14.039 14.064 14.065 14.114 14.029 13.959 14.720 14.048 14.041 14.058 14.065 0\ 
Table 3 ( continued). Chemical compositions of sapphirine from the Unnamed deposit. 
Mineral Sa22hirine 
Wt. % AHCO83 
Si02 12.72 12.54 12.43 13.19 12.70 
Ti02 0.00 0.00 0.00 0.03 0.03 
A)z03 64.10 63.20 63 .68 62.95 63.11 
Cr203 0.00 0.04 0.00 0.02 0.01 
FeO 5.18 5.00 · 5.23 5.33 5.41 
MnO 0.02 0.12 0.11 0.05 0.03 
ZnO 0.02 0.00 0.03 0.00 0.00 
MgO 18.70 18.02 17.93 18.35 18.06 
CaO 0.00 0.01 0.00 0.01 0.03 
Na20 0.02 0.00 0.01 0.02 0.00 
K20 0.00 0.00 0.00 0.01 0.00 
F 0.00 0.00 0.00 0.00 0.00 
Cl 0.00 0.00 0.00 0.01 0.01 
Total 100.76 98.94 99.42 99.95 99.38 
Atomic proportions based on 20 atoms of oxygen 
Si 1.488 1.492 1.473 1.555 1.507 
Ti 0.000 0.000 0.000 0.003 0.003 
Al 8.834 8.866 8.900 8.748 8.827 
Cr 0.000 0.004 0.000 0.002 0.001 
Fe 0.506 0.498 0.519 0.525 0.537 
Mn 0.002 0.012 0.011 0.005 0.003 
Zn 0.001 0.000 0.003 0.000 0.000 
Mg 3.261 3.198 3.170 3.226 3.195 
Ca 0.000 0.002 0.000 0.001 0.004 
Na 0.004 0.000 0.001 0.004 0.000 
K 0.000 0.000 0.000 0.001 0.000 
F 0.000 0.000 0.000 0.000 0.000 
Cl 0.000 0.000 0.000 0.002 0.002 N w 
Total 14.096 14.072 14.077 14.072 14.079 ---.J 
Table 4. Chemical compositions of amphiboles from the Unnamed deposit. 
Mineral Gedrite Ath Gedrite Anthophyllite (Ath) 
Wt.% AHCO74 AHCO75 AHCO77 AHCO78 
Si02 56.24 65.52 45.41 48.77 48.79 50.25 47.19 45 .67 46.52 47.81 58.75 58.07 55.35 
Ti02 0.00 0.05 1.94 0.12 0.17 0.21 0.23 0.25 0.24 0.25 0.02 0.01 0.01 
A(z03 11.68 1.39 13.31 13.89 14.71 13.99 15.61 15.71 15 .17 14.91 1.28 2.14 1.47 
Cr203 0.02 0.00 0.00 0.00 0.00 0.04 0.02 0.00 0.04 0.01 0.08 0.00 0.04 
FeO 7.18 1.74 9.79 8.26 7.69 9.70 9.59 9.32 9.38 9.26 10.33 9.65 9.52 
MnO 0.20 0.04 0.38 0.29 0.12 0.19 0.11 0.13 0.08 0.11 0.28 0.23 0.19 
ZnO 0.00 0.02 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 22.03 29.98 24.37 24.67 24.76 22.43 23 .68 22.87 23 .26 24.22 28.83 28.60 29.13 
CaO 0.05 0.03 0.57 0.63 0.70 0.93 0.96 0.93 0.93 0.92 0.05 0.06 0.08 
Na20 0.06 0.11 1.10 1.04 1.08 1.28 0.91 1.00 1.08 0.92 0.05 0.08 0.09 
K20 0.01 0.01 0.01 0.00 0.00 0.03 0.01 0.02 0.02 0.01 0.00 0.00 0.00 
F 0.87 0.85 0.58 0.65 0.90 1.11 1.41 1.27 1.18 0.91 0.94 1.26 1.14 
Cl 0.03 0.05 0.02 0.02 0.00 0.03 0.01 0.05 0.02 0.03 0.02 0.01 0.03 
Total 98.36 99.78 97.48 98.38 98.93 100.18 99.72 97.22 97.90 99.36 100.64 100.10 97.03 
Atomic proportions based on 23 atoms of oxygen 
Si 7.508 8.377 6.377 6.680 6.637 6.816 6.473 6.426 6.489 6.538 7.863 7.812 7.713 
Ti 0.000 0.004 0.204 0.012 0.018 0.022 0.024 0.026 0.025 0.026 0.002 0.001 0.001 
Al 1.838 0.209 2.203 2.242 2.358 2.236 2.523 2.606 2.493 2.402 0.202 0.338 0.241 
Cr 0.002 0.000 0.000 0.000 0.000 0.004 0.002 0.000 0.004 0.001 0.009 0.000 0.004 
Fe 0.801 0.186 1.149 0.947 0.875 1.101 1.100 1.097 1.095 1.059 1.157 1.085 1.109 
Mn 0.022 0.004 0.045 0.033 0.013 0.021 0.013 0.015 0.009 0.013 0.032 0.026 0.022 
Zn 0.000 0.002 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 4.385 5.714 5.101 5.037 5.021 4.537 4.843 4.797 4.837 4.938 5.752 5.736 6.051 
Ca 0.007 0.004 0.085 0.092 0.102 0.136 0.141 0.140 0.138 0.135 0.007 0.009 0.012 
Na 0.015 0.028 0.299 0.277 0.284 0.336 0.242 0.272 0.292 0.243 0.013 0.020 0.024 
K 0.002 0.001 0.002 0.000 0.000 0.004 0.002 0.004 0.004 0.001 0.000 0.000 0.000 
F 0.366 0.343 0.259 0.280 0.389 0.475 0.612 0.565 0.519 0.393 0.399 0.535 0.503 
Cl 0.007 0.010 0.005 0.005 0.000 0.007 0.002 0.013 0.005 0.007 0.005 0.003 0.006 N w 
Total 14.953 14.882 15.729 15.610 15.697 15.695 15.977 15.961 15.910 15.756 15.441 15.565 15.686 00 
Table 4 (continued). Chemical compositions of amphiboles from the Unnamed deposit. 
Mineral Antho2hl'.'.llite Antho2hl'.'.llite/Enstatite? Gedrite Gedrite 
Wt.% AHCO78 AHCO79 AHCO80 
Si02 60.62 63.12 59.00 60.40 60.62 50.58 51.05 51.04 51.43 50.44 48.43 50.37 51.45 51.20 
Ti02 0.04 0.06 0.00 0.06 0.07 0.13 0.06 0.07 0.14 0.15 0.11 0.10 0.12 0.05 
A(z03 2.58 2.50 1.14 3.17 2.41 10.11 10.68 9.84 9.31 12.81 13.74 8.29 7.49 6.63 
Cr203 0.00 0.05 0.00 0.02 0.05 0.00 0.02 0.01 0.00 0.01 0.00 0.04 0.00 0.00 
FeO 1.58 1.53 9.65 1.60 1.33 10.82 11.03 10.89 10.53 10.00 10.50 12.39 12.93 12.98 
MnO 0.03 0.04 0.27 0.00 0.00 0.12 0.19 0.24 0.16 0.14 0.17 0.22 0.18 0.25 
ZnO 0.07 0.05 0.09 0.00 0.05 0.03 0.00 0.01 0.01 0.05 0.00 0.00 0.00 0.00 
MgO 30.23 29.72 28.62 30.06 29.72 24.15 24.06 23.54 24.92 23.77 23.11 25.03 24.77 25.04 
CaO 0.15 0.10 0.04 0.06 0.06 0.51 0.56 0.57 0.52 0.78 0.72 0.40 0.35 0.39 
Na20 0.50 0.53 0.06 0.65 0.43 0.69 0.80 0.91 0.73 0.88 0.89 0.87 0.78 0.73 
K20 0.03 0.03 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.01 0.01 
F 2.06 2.30 0.67 1.94 2.00 0.44 0.38 0.95 0.82 0.00 0.06 0.82 0.79 0.51 
Cl 0.07 0.07 0.00 0.02 0.02 0.01 0.03 0.03 0.01 0.03 0.02 0.01 0.01 0.03 
Total 97.96 100.09 99.53 97.99 96.80 97.58 98.86 98.10 98.56 99.09 97.77 98.52 98.86 97.82 
Atomic proportions based on 23 atoms of oxygen 
Si 8.059 8.197 7.929 8.013 8.124 7.025 7.001 7.093 7.089 6.848 6.697 7.033 7.157 7.192 
Ti 0.004 0.006 0.000 0.006 0.007 0.013 0.006 0.007 0.014 0.015 0.011 0.011 0.012 0.005 
Al 0.404 0.383 0.181 0.495 0.380 1.654 1.726 1.612 1.512 2.050 2.239 1.364 1.228 1.097 
Cr 0.000 0.005 0.000 0.002 0.005 0.000 0.002 0.001 0.000 0.001 0.000 0.004 0.000 0.000 
Fe 0.176 0.166 1.084 0.178 0.149 1.257 1.266 1.265 1.213 1.136 1.214 1.447 1.504 1.525 
Mn 0.003 0.004 0.030 0.000 0.000 0.014 0.022 0.028 0.018 0.016 0.020 0.026 0.021 0.030 
Zn 0.007 0.005 0.009 0.000 0.005 0.003 0.000 0.001 0.001 0.005 0.000 0.000 0.000 0.000 
Mg 5.993 5.754 5.733 5.945 5.938 5.000 4.919 4.878 5.120 4.811 4.763 5.210 5.136 5.245 
Ca 0.022 0.014 0.005 0.008 0.009 0.076 0.082 0.084 0.077 0.113 0.107 0.059 0.052 0.059 
Na 0.128 0.132 0.015 0.168 0.113 0.187 0.213 0.246 0.194 0.232 0.239 0.234 0.209 0.200 
K 0.004 0.004 0.000 0.003 0.005 0.000 0.000 0.000 0.000 0.006 0.004 0.000 0.001 0.001 
F 0.867 0.946 0.284 0.813 0.849 0.195 0.165 0.419 0.359 0.000 0.028 0.360 0.347 0.228 
Cl 0.015 0.014 0.000 0.004 0.005 0.002 0.007 0.008 0.002 0.008 0.005 0.002 0.002 0.006 N w 
Total 15.682 15.630 15.270 15.635 15.589 15.426 15.409 15.642 15.599 15.241 15.327 15.750 15.669 15.588 '-0 
Table 4 ( continued). Chemical compositions of amphiboles from the Unnamed deposit. 
Mineral Antho2h~llite {Ath) Gedrite Ath 
Wt.% AHCO81 AHCO82 AHCO83 
Si02 56.97 58.09 56.95 53.89 53.32 51.52 51.59 50.30 44.91 49.35 47.97 45.62 47.24 49.64 55.46 
Ti02 0.02 0.03 0.06 0.09 0.09 0.06 0.09 0.07 0.04 0.07 0.18 0.07 0.15 0.13 0.05 
AliOJ 2.36 1.84 2.59 2.96 3.00 3.81 4.53 5.43 13.78 13.54 13.82 14.27 15.93 13.96 5.25 
Cr203 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.06 0.01 0.00 0.00 0.06 0.03 0.02 1 0.01 
FeO 9.17 10.12 9.48 14.11 14.21 14.32 14.03 14.21 10.61 9.96 9.74 9.59 9.20 9.03 1 9.87 
MnO 0.25 0.19 0.19 0.23 0.14 0.13 0.23 0.16 0.22 0.26 0.19 0.20 0.16 0.23 1 0.32 
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.15 0.11 0.09 0.02 0.00 0.10 0.06 
MgO 27.57 27.72 27.58 28.75 28.64 28.19 27.76 27.41 24.19 23.96 24.08 24.12 23.62 24.51 26.78 
Cao 0.40 0.39 0.41 0.13 0.11 0.11 0.09 0.04 0.73 0.95 1.40 0.97 1.49 1.25 0.70 
Na20 0.29 0.15 0.26 0.00 0.00 0.03 0.00 0.03 0.95 1.11 1.14 1.22 1.32 1.12 0.57 
K20 0.00 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.02 0.01 0.01 0.07 0.00 0.02 0.02 
F 0.00 0.00 0.58 0.03 0.03 0.00 0.00 0.00 1.03 0.01 0.87 1.12 0.02 0.18 0.79 
Cl 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.03 0.01 0.09 0.01 0.00 0.02 
Total 97.01 98.55 98.14 100.20 99.56 98.16 98.34 97.74 96.63 99.34 99.50 97.42 99.17 100.17 99.88 
Atomic proportions based on 23 atoms of oxygen 
Si 7.808 7.859 7.773 7.371 7.347 7.220 7.203 7.083 6.409 6.709 6.586 6.434 6.436 6.679 7.500 
Ti 0.002 0.003 0.006 0.009 0.009 0.006 0.010 0.007 0.004 0.007 0.019 0.007 0.015 0.013 0.006 
Al 0.380 0.294 0.416 0.477 0.488 0.629 0.745 0.902 2.317 2.170 2.237 2.373 2.557 2.213 0.836 
Cr 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.006 0.001 0.000 0.000 0.007 0.003 0.002 0.001 
Fe 1.051 1.145 1.082 1.614 1.637 1.679 1.639 1.674 1.266 1.133 1.118 1.131 1.048 1.016 1.116 
Mn 0.029 0.022 0.022 0.026 0.017 0.015 0.027 0.019 0.027 0.030 0.022 0.024 0.019 0.026 0.036 
Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.011 0.009 0.002 0.000 0.010 0.006 
Mg 5.633 5.592 5.612 5.863 5.884 5.891 5.778 5.755 5.145 4.855 4.929 5.072 4.798 4.916 5.398 
Ca 0.058 0.056 0.059 0.019 0.017 0.016 0.013 0.007 0.112 0.138 0.205 0.146 0.218 0.180 0.101 
Na 0.076 0.040 0.069 0.000 0.000 0.007 0.000 0.009 0.261 0.292 0.304 0.333 0.348 0.292 0.150 
K 0.000 0.001 0.004 0.002 0.001 0.000 0.000 0.000 0.004 0.002 0.002 0.012 0.000 0.003 0.003 
F 0.000 0.000 0.249 0.011 0.015 0.002 0.000 0.000 0.465 0.001 0.377 0.501 0.001 0.075 0.336 
Cl 0.000 0.002 0.000 0.000 0.000 0.000 0.003 0.005 0.000 0.007 0.002 0.021 0.002 0.000 0.005 N +:>,. 
Total 15.037 15.014 15.295 15.392 15.415 15.465 15.418 15.467 16.026 15.355 15.810 16.063 15.445 15.425 15.494 0 
Table 4 ( continued). Chemical compositions of amphibole from the Unnamed deposit. 
Mineral Antho2h~llite 
Wt. % AHCO78 
Si02 62.75 62.89 62.75 62.89 64.15 
Ti02 0.04 0.05 0.04 0.05 0.07 
A(z03 2.46 2.24 2.46 2.24 3.06 
Cr203 0.03 0.00 0.03 0.00 0.00 
FeO 1.86 1.75 1.86 1.75 1.75 
MnO 0.05 0.00 0.05 0.00 0.02 
ZnO 0.09 0.01 0.09 0.01 0.04 
MgO 28.30 27.43 28 .30 27.43 28.10 
CaO 0.1 3 0.23 0.13 0.23 0.20 
Na20 0.40 0.51 0.40 0.51 0.62 
K20 0.05 0.01 0.05 0.01 0.02 
F 2.03 2.16 2.03 2.16 2.03 
Cl 0.04 0.06 0.04 0.06 0.07 
Total 98. 21 97 .34 98.21 97.34 100.11 
Atomic proportions based on 23 atoms of oxygen 
Si 8.279 8.365 8.279 8.365 8.288 
Ti 0.004 0.005 0.004 0.005 0.006 
Al 0.382 0.350 0.382 0.350 0.466 
Cr 0.003 0.000 0.003 0.000 0.000 
Fe 0.205 0.195 0.205 0.195 0.189 
Mn 0.005 0.000 0.005 0.000 0.002 
Zn 0.009 0.001 0.009 0.001 0.003 
Mg 5.565 5.440 5.565 5.440 5.412 
Ca 0.019 0.033 0.019 0.033 0.027 
Na 0.103 0.133 0.103 0.133 0.156 
K 0.008 0.002 0.008 0.002 0.003 
F 0.845 0.908 0.845 0.908 0.827 
Cl 0.009 0.013 0.009 0.013 0.016 N 
Total 15.436 15 .445 15 .436 15.445 15.395 
Table 5. Chemical compositions of pyroxene from the Unnamed deposit. 
Mineral Enstatite 
Wt.% AHCO74 AHCO75 AHCO76 
Si02 60.08 56.42 54.78 56.05 55.66 54.90 54.81 55.37 54.10 54.87 55.49 55.07 54.61 53.25 54.33 54.97 
Ti02 0.01 0.20 0.15 0.12 0.12 0.10 0.07 0.08 0.09 0.11 0.10 0.01 0.14 0.19 0.16 0.07 
Alz03 1.45 3.64 5.33 3.99 3.87 4.02 3.90 4.38 4.28 4.14 3.69 4.10 4.64 4.64 4.88 4.29 
Cr203 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.04 0.00 0.00 0.00 0.02 0.07 
FeO 9.84 9.15 9.65 9.52 9.50 9.54 9.21 9.58 9.84 8.88 8.52 10.07 9.86 9.00 9.34 9.12 
MnO 0.11 0.19 0.17 0.27 0.15 0.22 0.26 0.29 0.20 0.23 0.18 0.23 0.26 0.16 0.20 0.19 
ZnO 0.00 0.00 0.04 0.01 0.00 0.04 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.10 
MgO 29.07 31.42 31.00 30.64 31.12 31.46 31.37 31.35 31.11 32.15 32.55 30.99 30.59 31.34 31.10 31.38 
CaO 0.24 0.10 0.05 0.02 0.05 0.01 0.07 0.03 0.05 0.09 0.07 0.04 0.07 0.08 0.11 0.10 
Na20 0.01 0.00 0.00 0.02 0.00 0.03 0.01 0.00 0.00 0.02 0.02 0.07 0.00 0.02 0.02 0.05 
K20 0.02 0.00 0.00 0.15 0.02 0.01 0.00 0.00 0.02 0.00 0.02 0.00 0.01 0.01 0.01 0.01 
F 0.34 0.25 0.00 0.04 0.00 0.00 0.19 0.19 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 
Cl 0.06 0.06 0.07 0.04 0.03 0.02 0.02 0.04 0.03 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
Total 101.23 101.45 101.25 100.88 100.53 100.3499.91 101.33 99.73 100.49 100.75 100.58 100.20 98.67 100.19 100.36 
Atomic proportions based on 6 atoms of oxygen 
Si 2.063 1.941 1.892 1.940 1.932 1.913 1.919 1.913 1.901 1.904 1.918 1.917 1.908 1.885 1.895 1.912 
Ti 0.000 0.005 0.004 0.003 0.003 0.003 0.002 0.002 0.002 0.003 0.003 0.000 0.004 0.005 0.004 0.002 
Al 0.059 0.148 0.217 0.163 0.158 0.165 0.161 0.178 0.177 0.169 0.150 0.168 0.191 0.194 0.200 0.176 
Cr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.002 
Fe 0.283 0.263 0.279 0.276 0.276 0.278 0.270 0.277 0.289 0.258 0.246 0.293 0.288 0.266 0.272 0.265 
Mn 0.003 0.005 0.005 0.008 0.005 0.007 0.008 0.009 0.006 0.007 0.005 0.007 0.008 0.005 0.006 0.006 
Zn 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.003 
Mg 1.488 1.612 1.596 1.581 1.610 1.634 1.63 7 1.615 1.629 1.663 1.677 1.609 1.593 1.654 1.617 1.627 
Ca 0.009 0.003 0.002 0.001 0.002 0.000 0.002 0.001 0.002 0.003 0.002 0.002 0.003 0.003 0.004 0.004 
Na 0.001 0.000 0.000 0.001 0.000 0.002 0.000 0.000 0.000 0.002 0.001 0.005 0.000 0.002 0.002 0.004 
K 0.001 0.000 0.000 0.007 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.001 0.001 
F 0.037 0.027 0.000 0.004 0.000 0.000 0.021 0.021 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 
Cl 0.003 0.003 0.004 0.003 0.002 0.001 0.001 0.002 0.002 0.000 0.000 0.000 0.001 0.000 0.001 0.000 N 
Total 3.948 4.010 4.000 3 .987 3 .989 4.004 4.021 4.019 4.009 4.009 4.011 4.001 3.995 4.014 4.002 4.002 N 
Table 5 ( continued). Chemical compositions of pyroxene from the Unnamed deposit. 
Mineral Enstatite (En) (SymElectite} 
Wt.% AHCO76 AHCO77 AHCO78 AHCO79 
Si02 55.75 51.36 52.62 50.75 52.47 51.80 54.38 56.35 51.56 53.73 53.16 52.23 53.05 53.37 
Ti02 0.08 0.06 0.06 0.09 0.01 0.12 0.03 0.25 0.11 0.09 0.10 0.09 0.09 0.16 
Al203 3.78 5.83 5.97 4.79 4.66 5.51 5.77 3.83 4.39 4.45 4.55 4.74 4.40 4.34 
Cr203 0.03 0.02 0.00 0.00 0.00 0.04 0.05 0.00 0.00 0.03 0.01 0.06 0.00 0.05 
FeO 8.79 12.04 11.75 10.09 9.91 9.66 12.63 12.15 9.77 13.16 12.79 12.69 12.50 12.78 
MnO 0.23 0.11 0.12 0.28 0.22 0.19 0.26 0.17 0.15 0.14 0.17 0.19 0.16 0.21 
ZnO 0.00 0.03 0.11 0.00 0.03 0.00 0.06 0.00 0.07 0.00 0.10 0.00 0.04 0.01 
MgO 32.17 28.22 29.23 31.33 31.19 31.48 25.79 26.01 31.24 28.38 28.66 28.00 28.36 28.42 
CaO 0.09 0.05 0.10 0.09 0.09 0.08 0.25 0.36 0.06 0.12 0.16 0.11 0.13 0.12 
Na20 0.00 0.00 0.00 0.02 0.00 0.05 0.12 0.13 0.03 0.00 0.04 0.03 0.03 0.05 
K20 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.04 0.01 0.02 0.03 0.01 0.03 0.01 
F 0.00 0.00 0.00 0.00 0.03 0.26 0.28 0.14 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.00 0.02 0.05 0.00 0.00 0.03 0.05 0.08 0.00 0.02 0.02 0.01 0.00 0.01 
Total 100.92 97.73 100.03 97.44 98.60 99.21 99.68 99.51 97.38 100.14 99.77 98.15 98.79 99.52 
Atomic proportions based on 6 atoms of oxygen 
Si 1.923 1.863 1.862 1.839 1.871 1.841 1.289 1.330 1.863 1.907 1.894 1.891 1.905 1.905 
Ti 0.002 0.002 0.002 0.002 0.000 0.003 0.001 0.004 0.003 0.003 0.003 0.003 0.003 0.004 
Al 0.154 0.249 0.249 0.204 0.196 0.231 0.161 0.107 0.187 0.186 0.191 0.202 0.186 0.183 
Cr 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.002 0.000 0.001 
Fe 0.254 0.365 0.348 0.306 0.295 0.287 0.250 0.240 0.295 0.391 0.381 0.384 0.375 0.381 
Mn 0.007 0.003 0.004 0.008 0.007 0.006 0.005 0.003 0.004 0.004 0.005 0.006 0.005 0.006 
Zn 0.000 0.001 0.003 0.000 0.001 0.000 0.001 0.000 0.002 0.000 0.003 0.000 0.001 0.000 
Mg 1.655 1.526 1.542 1.693 1.658 1.667 0.911 0.915 1.683 1.501 1.523 1.512 1.518 1.512 
Ca 0.003 0.002 0.004 0.004 0.004 0.003 0.006 0.009 0.002 0.005 0.006 0.004 0.005 0.004 
Na 0.000 0.000 0.000 0.002 0.000 0.003 0.005 0.006 0.002 0.000 0.003 0.002 0.002 0.003 
K 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.001 
F 0.000 0.000 0.000 0.000 0.003 0.029 0.021 0.010 0.000 0.000 0.000 0.000 0.000 0.000 
Cl 0.000 0.001 0.003 0.000 0.000 0.002 0.002 0.003 0.000 0.001 0.001 0.001 0.000 0.001 N 
Total 3.999 4.012 4.016 4.058 4.035 4.073 2.653 2.628 4.041 4.000 4.010 4.007 4.002 4.001 
v-.) 
Table 5 ( continued). Chemical compositions of pyrox~ne from the Unnamed deposit. 
Mineral Enstatite 
Wt. % AHCO79 AHCO80 AHCO81 
Si02 54.30 53.19 52.32 50.71 51.46 54.96 52.90 55.71 54.31 53.79 52.86 54.77 53 .08 52.96 
Ti02 0.02 0.09 0.03 0.08 0.10 0.09 0.11 0.08 0.10 0.13 0.11 0.13 0.12 0.11 
Al203 2.89 5.24 5.28 3.57 3.23 4.37 5.06 4.49 5.34 5.10 5.11 5.30 5.17 5.42 
Cr203 0.05 0.02 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.02 0.00 
FeO 12.71 13.06 13.17 13.78 13.71 10.78 10.57 10.69 10.60 10.65 10.28 10.37 10.63 10.93 
MnO 0.13 0.18 0.14 0.23 0.17 0.14 0.09 0.12 0.26 0.19 0.17 0.18 0.18 0.17 
ZnO 0.02 0.00 0.04 0.12 0.07 0.00 0.07 0.00 0.00 0.00 0.06 0.01 0.00 0.00 
MgO 29.58 28.32 27.82 28.99 28.49 30.46 30.55 30.30 29.67 30.41 29.69 30.24 30.19 29.75 
CaO 0.08 0.04 0.12 0.10 0.09 0.06 0.12 0.08 0.10 0.16 0.11 0.08 0.07 0.12 
Na20 0.04 0.00 0.03 0.00 0.02 0.04 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.00 
K20 0.01 0.00 0.04 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.00 0.01 
F 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.19 0.00 
Cl 0.03 0.00 0.07 0.01 0.01 0.01 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.02 
Total 99.85 100.13 99.05 97.59 97.37 100.91 99.47 101.50 100.41 100.45 98.41 101.14 99.68 99.48 
Atomic proportions based on 6 atoms of oxygen 
Si 1.931 1.887 1.882 1.867 1.894 1.912 1.872 1.923 1.898 1.883 1.887 1.899 1.877 1.876 
Ti 0.001 0.002 0.001 0.002 0.003 0.002 0.003 0.002 0.003 0.003 0.003 0.003 0.003 0.003 
Al 0.121 0.219 0.224 0.155 0.140 0.179 0.211 0.183 0.220 0.211 0.215 0.216 0.215 0.226 
Cr 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 
Fe 0.378 0.388 0.396 0.424 0.422 0.314 0.313 0.309 0.310 0.312 0.307 0.301 0.314 0.324 
Mn 0.004 0.005 0.004 0.007 0.005 0.004 0.003 0.003 0.008 0.005 0.005 0.005 0.005 0.005 
Zn 0.001 0.000 0.001 0.003 0.002 0.000 0.002 0.000 0.000 0.000 0.002 0.000 0.000 0.000 
Mg 1.568 1.498 1.492 1.591 1.563 1.580 1.611 1.559 1.546 1.587 1.580 1.563 1.592 1.571 
Ca 0.003 0.002 0.004 0.004 0.003 0.002 0.005 0.003 0.004 0.006 0.004 0.003 0.003 0.004 
Na 0.003 0.000 0.002 0.000 0.002 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
K 0.001 0.000 0.002 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 
F 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.022 0.000 
Cl 0.002 0.000 0.004 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001 N .J:i.. 
Total 4.012 4.001 4.012 4.054 4.039 3.996 4.020 3.985 3.990 4.009 4.004 3.998 4.035 4.010 .J:i.. 
Table 6. Chemical compositions of mica from the Unnamed deposit. 
Mineral Phlogo2ite 
Wt.% AHCO75 AHCO77 
Si02 40.68 43.24 42.05 41.70 41.30 39.37 41.93 42.49 41.95 42.48 42.79 41.96 42.60 40.15 39.66 
Ti02 0.31 0.37 0.40 0.38 0.39 0.30 0.36 0.34 0.42 0.42 0.45 0.38 0.34 0.35 0.40 
Alz03 14.30 14.21 13.81 14.45 14.13 12.01 14.19 13 .01 13.72 14.50 13.73 13.87 14.52 13.88 23.89 
Cr203 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.03 0.00 0.01 0.01 0.00 0.00 0.05 0.01 
FeO 3.28 2.59 2.62 2.52 2.83 7.38 3.15 2.07 2.25 2.17 2.29 2.94 2.80 2.96 3.98 
MnO 0.03 0.04 0.01 0.00 0.03 0.06 0.00 0.00 0.00 0.02 0.00 0.02 0.04 0.00 0.00 
ZnO 0.02 0.04 0.07 0.01 0.00 0.00 0.07 0.06 0.00 0.00 0.00 0.00 0.05 0.03 0.03 
MgO 26.42 25.82 25.97 26.20 25.44 27.32 26.82 26.60 26.57 26.34 26.35 26.51 25.77 25.20 19.79 
CaO 0.00 0.03 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.04 0.00 0.00 0.01 
Na20 0.41 0.39 0.38 0.52 0.33 0.22 0.39 0.49 0.53 0.37 0.70 0.35 0.36 0.28 0.23 
K20 8.45 8.94 9.05 8.36 8.87 4.66 8.63 9.26 9.16 9.17 9.16 8.48 8.37 8.84 6.59 
F 4.87 3.42 3.16 2.88 2.51 2.79 3.10 3.79 3.71 3.08 3.52 2.72 2.91 3.22 1.76 
Cl 0.07 0.05 0.06 0.07 0.06 0.09 0.10 0.07 0.05 0.07 0.08 0.06 0.07 0.11 0.09 
Total 98.84 99.13 97.60 97.09 95.89 94.35 98.74 98.21 98.35 98.63 99.07 97.32 97.83 95.07 96.43 
Atomic proportions based on 22 atoms of oxygen 
Si 5.772 5.983 5.921 5.861 5.882 5.746 5.837 5.979 5.892 5.895 5.948 5.887 5.936 5.834 5.472 
Ti 0.033 0.038 0.043 0.040 0.042 0.032 0.038 0.036 0.044 0.044 0.047 0.040 0.035 0.038 0.041 
Al 2.391 2.317 2.292 2.393 2.371 2.065 2.328 2.158 2.271 2.371 2.250 2.293 2.384 2.378 3.885 
Cr 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.004 0.000 0.001 0.001 0.000 0.000 0.006 0.000 
Fe 0.389 0.300 0.308 0.296 0.337 0.901 0.367 0.243 0.264 0.251 0.267 0.344 0.327 0.360 0.459 
Mn 0.003 0.005 0.001 0.000 0.004 0.008 0.000 0.000 0.000 0.002 0.000 0.002 0.005 0.000 0.000 
Zn 0.002 0.004 0.007 0.001 0.000 0.000 0.007 0.006 0.000 0.000 0.000 0.000 0.005 0.003 0.003 
Mg 5.587 5.326 5.452 5.490 5.402 5.945 5.566 5.581 5.564 5.449 5.461 5.546 5.353 5.460 4.071 
Ca 0.000 0.004 0.002 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.000 0.006 0.000 0.000 0.001 
Na 0.113 0.105 0.104 0.142 0.092 0.062 0.106 0.132 0.143 0.099 0.188 0.095 0.097 0.080 0.062 
K 1.529 1.579 1.626 1.499 1.612 0.868 1.532 1.663 1.641 1.623 1.624 1.519 1.488 1.638 1.160 
F 2.187 1.495 1.405 1.279 1.129 1.288 1.364 1.689 1.650 1.351 1.545 1.206 1.283 1.481 1.204 
Cl 0.017 0.011 0.014 0.017 0.015 0.021 0.023 0.016 0.011 0.017 0.018 0.013 0.016 0.027 0.022 N 
Total 18.023 17.167 17.175 17.01816.886 16.955 17.168 17.507 17.481 17.103 17.34916.951 16.929 17.305 16.380 Vl 
Table 6 (continued). Chemical compositions of mica from the Unnamed deposit. 
Mineral Phlogorite 
Wt.% AHCO77 AHCO78 AHCO80 
Si02 40.50 42.42 43.38 42.88 43.10 42.56 41.98 43.99 43.75 42.93 40.32 39.74 39.68 
Ti02 0.61 0.37 0.33 0.37 0.36 0.33 0.30 0.33 0.27 0.33 0.33 0.80 0.83 
Alz03 14.18 14.41 14.72 14.60 14.85 13.97 13.58 14.34 14.06 13.73 17.54 15.79 16.15 
Cr203 o.oi 0.05 0.02 0.01 0.02 0.03 0.00 0.01 0.00 0.02 0.01 0.00 0.04 
FeO 2.99 2.41 2.26 2.28 2.23 2.53 2.30 2.30 2.20 2.25 2.31 4.37 4.80 
MnO 0.00 0.00 0.03 0.08 0.00 0.04 0.04 0.02 0.00 0.01 0.01 0.00 0.00 
ZnO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.10 0.00 0.00 
MgO 25.00 25.99 26.77 26.43 26.75 26.68 26.52 26.58 26.62 26.50 24.99 24.27 23.86 
CaO 0.00 0.00 0.02 0.03 0.04 0.01 0.01 0.01 0.01 0.00 0.04 0.00 0.00 
Na20 0.31 0.50 0.49 0.53 0.52 0.45 0.42 0.44 0.51 0.51 0.49 0.43 0.33 
K20 9.85 9.07 9.23 9.27 9.31 9.05 9.22 9.33 9.31 9.42 8.83 9.40 9.30 
F 3.02 4.05 6.25 2.97 3.38 2.76 2.48 3.75 4.17 3.42 3.22 2.72 2.38 
Cl 0.04 0.06 0.05 0.04 0.05 0.04 0.06 0.05 0.04 0.05 0.05 0.05 0.06 
Total 96.50 99.32 103.54 99.48 100.59 98.44 96.91 101.14 100.93 99.22 98.23 97.57 97.45 
Atomic proportions based on 22 atoms of oxygen 
Si 5.811 5.908 5.909 5.898 5.881 5.908 5.912 5.982 5.988 5.955 5.629 5.646 5.630 
Ti 0.066 0.038 0.034 0.038 0.036 0.035 0.032 0.034 0.028 0.035 0.034 0.085 0.089 
Al 2.397 2.366 2.363 2.366 2.388 2.285 2.254 2.299 2.268 2.245 2.887 2.644 2.701 
Cr 0.001 0.005 0.003 0.001 0.002 0.003 0.000 0.000 0.000 0.002 0.001 0.000 0.005 
Fe 0.358 0.280 0.258 0.263 0.254 0.294 0.271 0.261 0.252 0.262 0.270 0.519 0.570 
Mn 0.000 0.000 0.003 0.009 0.000 0.004 0.005 0.002 0.000 0.001 0.001 0.000 0.000 
Zn 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.010 0.000 0.000 
Mg 5.347 5.396 5.436 5.419 5.441 5.522 5.567 5.388 5.432 5.480 5.202 5.141 5.047 
Ca 0.000 0.000 0.002 0.004 0.006 0.001 0.002 0.002 0.001 0.000 0.006 0.000 0.000 
Na 0.087 0.135 0.128 0.142 0.139 0.121 0.116 0.116 0.136 0.138 0.133 0.118 0.091 
K 1.803 1.611 1.604 1.627 1.621 1.603 1.657 1.618 1.626 1.667 1.574 1.704 1.684 
F 1.822 1.785 2.693 1.290 1.459 1.212 1.103 1.613 1.805 1.501 1.422 1.223 1.068 
Cl 0.010 0.014 0.011 0.010 0.011 0.009 0.014 0.012 0.009 0.011 0.012 0.013 0.015 N 
Total 17.703 17.538 18.444 17.067 17.238 16.997 16.933 17.327 17.545 17.301 17.181 17.093 16.900 O', 
Table 6 (continued). Chemical compositions of mica from the Unnamed deposit. 
Mineral Phlogoeite 
Wt.% AHCO81 AHCO82 AHCO83 
Si02 42.87 42.20 41.36 43.48 42.16 40.90 41.23 41.26 41.14 43.48 43.05 43.45 42.65 
Ti02 0.50 0.51 0.41 0.51 0.60 0.65 0.62 0.56 0.45 0.22 0.22 0.23 0.29 
Al203 15.55 15.28 14.64 14.68 14.42 14.89 14.67 14.90 13.57 14.59 13.96 14.31 14.75 
Cr203 0.05 0.01 0.03 0.04 0.06 0.00 0.00 0.00 0.07 0.04 0.02 0.00 0.02 
FeO 3 .11 3.15 4.42 2.98 3.59 3.63 3.60 3.85 3.71 2.51 2.73 2.40 2.68 
MnO 0.01 0.03 0.00 0.00 0.04 0.02 0.09 0.02 0.00 0.04 0.03 0.01 0.06 
ZnO 0.00 0.00 0.04 0.06 0.00 0.04 0.04 0.18 0.00 0.02 0.00 0.00 0.04 
MgO 25.08 24.87 25.55 25.12 25.12 24.79 24.12 24.04 24.88 25.85 26.12 26.08 26.47 
CaO 0.05 0.08 0.06 0.03 0.02 0.00 0.21 0.10 0.01 0.00 0.02 0.04 0.04 
Na20 0.33 0.35 0.28 0.48 0.47 0.56 0.60 0.44 0.21 0.71 0.49 0.61 0.56 
K20 8.86 9.01 7.89 8.96 9.39 9.46 9.01 9.39 9.57 8.71 8.73 8.71 8.89 
F 0.87 0.74 0.80 0.67 2.55 3.15 3.29 2.98 3.88 3.65 5.02 4.34 4.42 
Cl 0.08 0.08 0.09 0.08 0.02 0.02 0.07 0.10 0.03 0.03 0.03 0.06 0.04 
Total 97.36 96.30 95.58 97.11 98.43 98.11 97.55 97.83 97.52 99.84 100.41 100.24 100.91 
Atomic proportions based on 22 atoms of oxygen 
Si 5.892 5.873 5.816 5.980 5.881 5.778 5.854 5.840 5.895 5.977 5.978 5.988 5.869 
Ti 0.052 0.053 0.043 0.053 0.063 0.069 0.066 0.059 0.048 0.023 0.023 0.024 0.030 
Al 2.520 2.506 2.427 2.380 2.370 2.479 2.455 2.486 2.291 2.363 2.285 2.325 2.392 
Cr 0.006 0.002 0.004 0.005 0.006 0.000 0.000 0.000 0.008 0.004 0.002 0.000 0.002 
Fe 0.358 0.366 0.520 0.343 0.419 0.429 0.428 0.455 0.445 0.288 0.317 0.277 0.308 
Mn 0.001 0.003 0.000 0.000 0.005 0.002 0.011 0.003 0.000 0.004 0.003 0.001 0.007 
Zn 0.000 0.000 0.004 0.006 0.000 0.004 0.004 0.019 0.000 0.002 0.000 0.000 0.004 
Mg 5.140 5.159 5.356 5.151 5.223 5.222 5.104 5.072 5.314 5.298 5.408 5.358 5.429 
Ca 0.007 0.011 0.009 0.005 0.003 0.000 0.032 0.015 0.002 0.001 0.002 0.006 0.006 
Na 0.087 0.095 0.077 0.128 0.126 0.153 0.166 0.122 0.058 0.189 0.132 0.163 0.150 
K 1.553 1.599 1.415 1.573 1.670 1.706 1.632 1.696 1.750 1.527 1.546 1.531 1.560 
F 0.380 0.326 0.354 0.293 1.125 1.408 1.476 1.335 1.759 1.588 2.205 1.891 1.922 
Cl 0.019 0.019 0.022 0.018 0.005 0.005 0.018 0.024 0.007 0.008 0.007 0.014 0.010 N 
Total 16.015 16.012 16.047 15.935 16.896 17.255 17.246 17.126 17.577 17.272 17.908 17.578 17.689 --....J 
Table 7. Chemical compositions of ilmenite and rutile from the Unnamed deposit. 
Mineral Mg Ilmenite Ilmenite Ilmenite Rutile Mg Ilmenite 
Wt.% AHCO75 AHCO80 AHCO76 AHCO78 
Si02 0.05 0.00 0.01 0.06 0.01 0.08 0.02 0.08 0.07 0.22 0.13 0.09 0.25 
Ti02 53.25 53.61 54.55 50.63 52.05 51.75 52.57 50.90 49.82 68.21 71.90 90.98 44.98 
Al203 0.13 0.01 0.11 0.21 0.16 0.34 0.33 0.31 0.29 0.16 0.10 0.28 0.26 
Cr203 0.01 0.00 0.00 0.07 0.00 0.06 0.00 0.00 0.03 0.00 0.07 0.10 0.00 
FeO 32.59 32.85 30.85 45.28 45.15 44.96 45.81 45.79 46.24 29.95 26.65 3.21 31.00 
MnO 0.65 0.71 0.76 0.32 0.41 0.39 0.36 0.38 0.40 0.32 0.19 0.10 0.85 
ZnO 0.00 0.00 0.03 0.00 0.09 0.09 0.19 0.07 0.00 0.03 0.18 0.00 0.15 
MgO 12.47 12.86 12.88 1.35 1.45 0.99 0.92 1.59 1.42 0.11 0.14 0.09 4.13 
CaO 0.01 0.01 0.00 0.02 0.00 0.00 0.00 0.04 0.06 0.01 0.01 0.06 0.22 
Na20 0.02 0.06 0.06 0.03 0.07 0.05 0.00 0.00 0.00 0.00 0.00 0.02 0.00 
K20 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.02 
F 0.00 0.00 0.20 0.28 0.00 0.00 0.12 0.00 0.00 0.00 0.00 0.13 0.18 
Cl 0.02 0.03 0.04 0.04 0.05 0.03 0.02 0.01 0.06 0.04 0.04 0.04 0.05 
Total 99.21 100.13 99.49 98.29 99.43 98.74 100.34 99.17 98.39 99.06 99.45 95.10 82.09 
Atomic proportions based on 3 atoms of oxygen 
Si 0.001 0.000 0.000 0.002 0.000 0.002 0.001 0.002 0.002 0.005 0.003 0.002 0.007 
Ti 0.947 0.945 0.962 0.977 0.987 0.988 0.990 0.970 0.962 1.194 1.234 1.460 0.997 
Al 0.004 0.000 0.003 0.006 0.005 0.010 0.010 0.009 0.009 0.004 0.003 0.007 0.009 
Cr 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.002 0.000 
Fe 0.644 0.644 0.605 0.972 0.952 0.954 0.959 0.971 0.993 0.583 0.508 0.057 0.764 
Mn 0.013 0.014 0.015 0.007 0.009 0.008 0.008 0.008 0.009 0.006 0.004 0.002 0.021 
Zn 0.000 0.000 0.001 0.000 0.002 0.002 0.003 0.001 0.000 0.000 0.003 0.000 0.003 
Mg 0.440 0.449 0.450 0.051 0.055 0.037 0.034 0.060 0.054 0.004 0.005 0.003 0.182 
Ca 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.001 0.007 
Na 0.001 0.003 0.003 0.001 0.003 0.002 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 
F 0.000 0.000 0.015 0.022 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.009 0.017 
Cl 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.000 0.003 0.001 0.002 0.001 0.002 N .J::,. 
Total 2.051 2.056 2.055 2.042 2.015 2.005 2.015 2.022 2.035 1.798 1.764 1.545 2.010 00 
Table 7 (continued). Chemical compositions of ilmenite and rutile from the Unnamed deposit. 
Mineral Mg Ilmenite Mg-Mn Ilmenite 
Wt. % AHCO78 
Si02 0.24 0.18 0.09 0.13 0.28 0.17 0.22 
Ti02 49.34 48.73 47.86 47.70 52.85 52.49 51.49 
Alz03 0.28 0.26 0.20 0.22 0.15 0.30 0.17 
Cr203 0.07 0.08 0.00 0.02 0.12 0.00 0.00 
FeO 41.33 42.97 43.11 39.62 38.83 39.52 39.45 
MnO 0.52 0.68 0.74 0.66 1.01 1.06 1.10 
ZnO 0.19 0.00 0.04 0.14 0.00 0.15 0.00 
MgO 6.02 5.55 4.48 5.71 6.21 6.57 6.24 
CaO 0.03 0.05 0.01 0.33 0.05 0.02 0.05 
Na20 0.03 0.16 0.08 0.70 0.00 0.02 0.00 
K20 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
F 0.11 0.23 0.00 0.11 0.00 0.00 0.09 
Cl 0.05 0.04 0.05 0.19 0.01 0.03 0.05 
Total 98.19 98.93 96.67 95.54 99.50 100.33 98.86 
Atomic proportions based on 3 atoms of oxygen 
Si 0.006 0.005 0.002 0.003 0.007 0.004 0.005 
Ti 0.932 0.922 0.931 0.930 0.969 0.957 0.956 
Al 0.008 0.008 0.006 0.007 0.004 0.009 0.005 
Cr 0.001 0.002 0.000 0.000 0.002 0.000 0.000 
Fe 0.868 0.904 0.932 0.859 0.792 0.801 0.815 
Mn 0.011 0.014 0.016 0.014 0.021 0.022 0.023 
Zn 0.004 0.000 0.001 0.003 0.000 0.003 0.000 
Mg 0.225 0.208 0.173 0.221 0.226 0.237 0.230 
Ca 0.001 0.001 0.000 0.009 0.001 0.000 0.001 
Na 0.001 0.008 0.004 0.035 0.000 0.001 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.008 0.018 0.000 0.009 0.000 0.000 0.007 
Cl 0.002 0.002 0.002 0.008 0.001 0.001 0.002 N 
Total 2.067 2.092 2.067 2.098 2.023 2.035 2.044 \0 
Table 8. Chemical compositions of plagioclase and humite from the Unnamed deposit. 
Mineral Anorthite Clinohumite 
Wt. % AHCO80 AHCO75 
Si02 42.65 43.15 36.41 34.28 34.02 34.94 34.34 36.85 34.99 36.58 
Ti02 0.00 0.01 1.99 1.36 1.39 1.35 1.79 1.71 1.43 1.45 
Al203 37.59 37.50 0.07 0.05 0.00 0.05 0.10 0.13 0.13 0.04 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
FeO 0.29 0.25 6.12 5.57 5.81 5.68 6.03 5.55 5.04 5.30 
MnO 0.02 0.00 0.11 0.04 0.09 0.11 0.14 0.09 0.07 0.13 
ZnO 0.00 0.00 0.09 0.00 0.03 0.02 0.17 0.01 0.02 0.09 
MgO 0.23 0.32 49.76 53.68 52.49 52.94 53.13 52.21 52.83 50.68 
CaO 19.59 19.65 0.04 0.01 0.00 0.02 0.00 0.00 0.01 0.01 
Na20 0.43 0.33 0.05 0.01 0.03 0.00 0.00 0.01 0.00 0.00 
K20 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.01 
F 0.03 0.21 7.67 7.94 6.97 8.14 6.24 7.49 6.88 7.61 
Cl 0.01 0.01 0.07 0.05 0.06 0.02 0.06 0.05 0.03 0.04 
Total 100.84 101.41 102.41 102.98 100.91 103.28 102.02 104.09 101.44 101.95 
Oxygens 32 14 
Si 7.855 7.906 3.278 3.088 3.105 3.140 3.080 3.244 3.152 3.291 
Ti 0.001 0.001 0.135 0.092 0.095 0.091 0.121 0.113 0.097 0.098 
Al 8.159 8.097 0.007 0.005 0.000 0.005 0.011 0.013 0.014 0.004 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Fe 0.045 0.038 0.461 0.420 0.443 0.427 0.452 0.409 0.379 0.398 
Mn 0.003 0.000 0.008 0.003 0.007 0.008 0.011 0.006 0.005 0.010 
Zn 0.000 0.000 0.006 0.000 0.002 0.001 0.011 0.000 0.001 0.006 
Mg 0.062 0.087 6.679 7.208 7.143 7.091 7.105 6.851 7.094 6.798 
Ca 3.866 3.858 0.004 0.001 0.000 0.002 0.000 0.000 0.001 0.001 
Na 0.152 0.115 0.009 0.002 0.006 0.001 0.000 0.002 0.000 0.000 
K 0.000 0.001 0.002 0.000 0.001 0.000 0.000 0.000 0.002 0.001 
F 0.020 0.119 2.184 2.261 2.013 2.313 1.771 2.084 1.960 2.166 
Cl 0.003 0.002 0.010 0.008 0.009 0.003 0.010 0.008 0.005 0.007 N Vl 
Total 20.166 20.224 12.783 13.088 12.824 13.082 12.573 12.730 12.710 12.780 0 
251 
EVERGREEN 
Table 1. Chemical compositions of spinel from Evergreen. 
Mineral Zincian Hercynite 
Wt.% 99CO64 (core) (rim) 99CO64B 
Si02 0.04 0.00 0.23 0.03 0.00 0.00 0.00 0.05 0.10 0.00 0.07 0.07 0.26 0.22 0.13 0.06 
Ti02 0.00 0.00 0.01 0.00 0.01 0.00 0.23 0.00 0.00 0.00 0.01 0.01 0.03 0.02 0.00 0.03 
A(i03 58.06 58.07 56.52 57.69 57.91 58.12 57.52 58.32 57.61 58.35 58.29 58.29 59.41 59.04 59.05 58.06 
Cr203 0.06 0.01 0.00 0.04 0.02 0.03 0.00 0.04 0.05 0.04 --- --- --- --- --- 0.01 
FeO 20.92 20.81 19.36 27.14 28.03 26.87 30.62 25.34 25 .32 23.83 31.04 31.04 31.57 33.46 33.24 31.85 
MnO 0.14 0.08 0.10 0.12 0.19 0.17 0.00 0.09 0.15 0.13 0.09 0.09 0.15 0.17 0.11 0.17 
ZnO 18.09 18.29 19.48 9.13 8.79 9.11 7.16 12.18 12.30 12.65 5.17 5.17 4.91 3.59 3.57 4.61 
MgO 3.49 3.51 3.71 5.23 5.28 5.30 4.32 4.28 4.38 4.30 3.97 3.97 4.43 4.19 4.36 5.32 
CaO 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.01 0.02 0.02 0.01 0.00 0.00 0.05 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 
K20 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.02 0.00 0.03 0.02 0.02 0.04 0.01 0.00 0.01 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.26 0.00 0.00 0.00 
Cl 0.02 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.07 0.07 0.09 0.09 0.03 0.02 
Total 100.83 100.80 99.40 99.40 100.25 99.62 99.88 100.33 100.19 99.36 98.75 98.75 101.15 100.79 100.49 100.36 
Atomic proportions based on 4 atoms of oxygen 
Si 0.001 0.000 0.007 0.001 0.000 0.000 0.000 0.001 0.003 0.000 0.002 0.008 0.007 0.006 0.004 0.002 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 
Al 1.970 1.971 1.951 1.950 1.944 1.956 1.945 1.965 1.953 1.979 1.977 1.964 1.967 1.962 1.965 1.939 
Cr 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.001 0.001 --- --- --- --- --- 0.000 
Fe 0.504 0.501 0.474 0.651 0.668 0.642 0.735 0.606 0.609 0.573 0.747 0.758 0.742 0.789 0.785 0.755 
Mn 0.003 0.002 0.002 0.003 0.005 0.004 0.000 0.002 0.004 0.003 0.002 0.002 0.004 0.004 0.003 0.004 
Zn 0.384 0.389 0.421 0.193 0.185 0.192 0.152 0.257 0.261 0.269 0.110 0.116 0.102 0.075 0.074 0.096 
Mg 0.150 0.151 0.162 0.224 0.224 0.226 0.185 0.183 0.188 0.184 0.170 0.162 0.186 0.176 0.184 0.225 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.023 0.000 0.000 0.000 
Cl 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.004 0.004 0.001 0.001 N V'l 
Total 3.014 3.014 3.017 3.024 3.026 3.021 3.022 3.016 3.042 3.010 3.013 3.013 3.037 3.016 3.016 3.034 N 
Table 1 (continued). Chemical compositions of spinel from Evergreen. 
Mineral Zincian Hercynite 
Wt.% 99CO64B 99CO65A 99CO65B 
Si02 0.04 0.19 0.00 0.00 0.18 0.28 0.35 0.07 0.10 0.11 0.00 0.08 0.05 0.08 0.07 
Ti02 0.00 0.01 0.02 0.00 0.04 0.00 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
A)z03 57.61 57.87 57.52 59.15 56.77 54.51 45.90 58.80 57.99 56.24 57.42 58.00 57.06 56.74 56.92 
Cr203 0.00 0.00 0.06 0.06 0.09 0.01 0.00 0.04 0.02 0.02 0.03 0.03 0.24 0.18 0.25 
FeO 32.67 31.41 32.46 32.44 30.77 32.91 38.41 30.14 30.17 33.14 32.30 33.14 31.32 32.62 31.61 
MnO 0.08 0.14 0.08 0.12 0.27 0.14 0.10 0.13 0.22 0.22 0.15 0.13 0.12 0.21 0.17 
ZnO 4.90 4.66 5.27 4.92 4.77 5.30 8.84 6.78 6.87 3.84 4.00 3.65 5.54 5.47 5.41 
MgO 4.45 4.51 4.28 4.26 7.01 6.78 6.93 4.11 4.32 5.76 5.63 6.01 5.38 4.95 5.44 
CaO 0.05 0.03 0.03 0.04 0.04 0.03 0.00 0.00 0.00 0.03 0.01 0.01 0.01 0.01 0.01 
Na20 0.00 0.07 0.00 0.03 0.17 0.18 0.48 0.00 0.00 0.17 0.15 0.23 0.24 0.22 0.19 
K20 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.02 0.00 
F 0.00 0.00 0.44 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.16 0.06 0.04 0.27 
Cl 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.02 0.02 0.01 
Total 99.79 98.91 100.16 101.18 100.12 100.14 101.08 100.10 99.70 99.54 99.89 101.48 100.04 100.57 100.34 
Atomic proportions based on 4 atoms of oxygen 
Si 0.001 0.006 0.000 0.000 0.005 0.008 0.011 0.002 0.003 0.003 0.000 0.002 0.001 0.002 0.002 
Ti 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.945 1.958 1.946 1.965 1.898 1.851 1.646 1.971 1.957 1.905 1.931 1.919 1.923 1.913 1.918 
Cr 0.000 0.000 0.001 0.001 0.002 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.005 0.004 0.006 
Fe 0.783 0.754 0.779 0.765 0.730 0.793 0.977 0.717 0.723 0.797 0.771 0.778 0.749 0.781 0.756 
Mn 0.002 0.003 0.002 0.003 0.007 0.003 0.003 0.003 0.005 0.005 0.004 0.003 0.003 0.005 0.004 
Zn 0.104 0.099 0.112 0.102 0.100 · 0.113 0.199 0.142 0.145 0.081 0.084 0.076 0.117 0.116 0.114 
Mg 0.190 0.193 0.183 0.179 0.296 0.291 0.314 0.174 0.185 0.247 0.239 0.251 0.229 0.211 0.232 
Ca 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.004 0.000 0.002 0.010 0.010 0.028 0.000 0.000 0.010 0.009 0.013 0.013 0.012 0.010 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
F 0.000 0.000 0.040 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.014 0.006 0.003 0.024 
Cl 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 N Vl 
Total 3.026 3.019 3.065 3.033 3.051 3.070 3.179 3.010 3.019 3.049 3.055 3.058 3.047 3.049 3.066 w 
Table 1 ( continued). Chemical compositions of spin el from Evergreen. 
Mineral 
Wt.% AHCO5 AHCO6 AHCO7 
Si02 0.00 0.00 0.00 0.00 0.01 0.29 0.61 0.61 0.19 0.20 
Ti02 0.00 0.05 0.01 0.00 0.00 0.00 0.08 0.00 0.02 0.00 
A)i03 57.06 57.46 58.75 58.99 58.62 57.80 57.89 58.45 58.22 59.69 
Cr203 0.03 0.04 0.03 0.16 0.07 0.21 0.43 0.27 0.20 0.39 
FeO 26.17 25.02 24.38 29.23 28.68 31.05 29.53 30.13 30.56 29.23 
MnO 0.02 0.07 0.00 0.04 0.06 0.11 0.12 0.10 0.06 0.08 
ZnO 12.92 13.79 13.95 7.28 7.23 5.28 6.33 5.68 5.52 6.69 
MgO 3.66 3.85 3.75 4.45 4.55 4.50 4.64 5.08 4.68 4.50 
CaO 0.00 0.01 0.00 0.00 0.06 0.01 0.08 0.00 0.04 0.02 
Na20 0.00 0.00 0.00 0.00 0.30 0.00 0.00 0.00 0.00 0.00 
K20 0.03 0.00 0.00 0.01 0.15 0.00 0.01 0.01 0.02 0.02 
F 0.00 0.10 0.08 0.00 0.11 0.00 0.00 0.08 0.00 0.00 
Cl 0.00 0.00 0.00 0.03 0.13 0.01 0.02 0.01 0.02 0.02 
Total 99.89 100.39 100.95 100.20 99.97 99.25 99.75 100.40 99.52 100.84 
Atomic proportions based on 4 atoms of oxygen 
Si 0.000 0.000 0.000 0.000 0.000 0.008 0.017 0.017 0.005 0.006 
Ti 0.000 0.001 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 
Al 1.952 1.954 1.976 1.973 1.969 1.951 1.940 1.941 1.957 1.973 
Cr 0.001 0.001 0.001 0.004 0.002 0.005 0.010 0.006 0.004 0.009 
Fe 0.635 0.604 0.582 0.694 0.684 0.744 0.702 0.710 0.729 0.686 
Mn 0.001 0.002 0.000 0.001 0.001 0.003 0.003 0.002 0.002 0.002 
Zn 0.277 0.294 0.294 0.152 0.152 0.112 0.133 0.118 0.116 0.139 
Mg 0.158 0.165 0.159 0.188 0.193 0.192 0.197 0.214 0.199 0.188 
Ca 0.000 0.000 0.000 0.000 0.002 0.000 0.003 0.000 0.001 0.001 
Na 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 
K 0.001 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.001 0.001 
F 0.000 0.010 0.007 0.000 0.010 0.000 0.000 0.007 0.000 0.000 
Cl 0.000 0.000 0.000 0.001 0.006 0.001 0.001 0.000 0.001 0.001 N V't 
Total 3.025 3.031 3.019 3.013 3.041 3.016 3.008 3.015 3.015 3.006 
Table 2. Chemical compositions of staurolite from Evergreen. Cations based on 48 atoms of oxygen. 
Wt. % 99CO64 99CO65A 
Si02 27.05 26.72 27.13 27.05 26.82 26.42 27.44 26.59 27.04 25.86 26.05 25.06 25.23 
Ti02 0.23 0.18 0.20 0.18 0.19 0.04 0.34 0.21 0.18 0.13 0.17 0.26 0.25 
Afi03 55.62 56.70 55.62 55.86 55.64 54.94 55.48 56.70 54.28 58 .62 57.67 58.22 58.88 
Cr20 3 0.00 0.01 0.00 0.03 0.00 0.00 0.09 0.03 0.04 0.01 0.00 0.00 0.00 
FeO 11.98 12.60 12.62 12.68 12.97 13.77 12.68 12.76 12.89 12.62 12.40 12.76 12.72 
MnO 0.13 0.18 0.22 0.17 0.25 0.12 0.21 0.18 0.16 0.18 0.23 0.20 0.13 
ZnO 0.82 0.88 0.78 0.89 0.54 0.63 0.64 0.85 0.88 0.69 0.60 0.61 0.49 
MgO 2.02 2.07 2.03 2.18 1.85 1.92 1.69 1.70 1.76 2.14 2.35 2.23 2.11 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.05 
Na20 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.05 0.05 0.00 0.09 
K20 0.10 0.00 0.01 0.01 0.01 0.00 0.00 0.02 0.03 0.01 0.00 0.00 0.01 
F 0.00 0.00 0.09 0.13 0.00 0.00 0.04 0.00 0.17 0.00 0.00 0.10 0.15 
Cl 0.01 0.00 0.00 0.02 0.01 0.01 0.03 0.01 0.01 0.01 0.00 0.01 0.01 
Total 98.05 99.35 98.69 99.18 98.27 97.86 98.65 99.06 97.46 100.33 99.52 99.45 100.12 
Si 7.791 7.616 7.786 7.737 7.732 7.687 7.870 7.607 7.885 7.300 7.404 7.158 7.152 
Ti 0.051 0.039 0.044 0.038 0.041 0.009 0.074 0.045 0.040 0.027 0.037 0.055 0.053 
Al 18.877 19.048 18.815 18.833 18.904 18.840 18.751 19.120 18.659 19.504 19.319 19.598 19.673 
Cr 0.000 0.003 0.000 0.008 0.001 0.001 0.021 0.006 0.009 0.002 0.000 0.000 0.000 
Fe 2.884 3.003 3.028 3.033 3.126 3.350 3.041 3.052 3.145 2.980 2.947 3.047 3.015 
Mn 0.031 0.043 0.053 0.041 0.060 0.030 0.050 0.043 0.041 0.044 0.056 0.048 0.032 
Zn 0.174 0.186 0.165 0.188 0.115 0.135 0.135 0.180 0.189 0.145 0.126 0.129 0.103 
Mg 0.869 0.880 0.868 0.928 0.793 0.832 0.723 0.724 0.767 0.899 0.996 0.951 0.892 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.001 0.005 0.000 0.000 0.014 
Na 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.026 0.028 0.002 0.047 
K 0.035 0.001 0.005 0.002 0.002 0.000 0.000 0.007 0.010 0.003 0.000 0.001 0.004 
F 0.000 0.000 0.079 0.118 0.000 0.000 0.037 0.000 0.160 0.000 0.000 0.089 0.136 
Cl 0.004 0.000 0.000 0.009 0.004 0.005 0.012 0.007 0.006 0.004 0.002 0.005 0.006 
Total 30.766 30.819 30.843 30.935 30.778 30.889 30.721 30.794 30.912 30.939 30.915 31.083 31.127 
XMg 0.23 0.23 0.22 0.23 0.20 0.20 0.19 0.19 0.20 0.23 0.25 0.24 0.23 N Vl 
Vl 
Table 3. Chemical compositions of almandine garnet from Evergreen. Cations based on 12 atoms of oxygen. 
Wt. % 99CO64B 99CO65A 99CO65B AHCO5 
Si02 36.50 35 .79 38.02 37.66 37.26 37.25 37.92 36.76 37.82 38.39 38.95 37.27 38.10 
Ti02 0.01 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.03 0.01 0.00 0.00 0.00 
A(z03 22.13 23.00 20.78 20.00 21.76 20.80 21.09 21.01 20.41 18.72 18.88 19.97 20.48 
Cr203 0.00 0.00 0.01 0.00 0.03 0.02 0.00 0.00 0.00 0.04 0.03 0.00 0.00 
FeO 33.25 33 .77 34.39 34.51 33.15 33 .58 32.63 31.78 33.68 34.14 34.00 36.20 36.74 
MnO 1.56 1.61 1.87 1.79 1.63 1.68 1.91 1.73 1.79 1.89 1.95 1.01 0.91 
MgO 3.91 3.66 4.36 3.87 6.37 6.28 6.63 6.17 4.59 4.15 4.14 3.90 4.03 
CaO 1.78 1.89 1.48 1.47 1.69 1.78 1.72 1.67 1.70 1.70 1.87 0.60 0.54 
Na20 0.03 0.06 0.01 0.02 0.01 0.02 0.00 0.03 0.00 0.00 0.01 0.06 0.00 
FeO 32.78 32.04 33.94 34.43 29.43 29.39 29.48 29.02 33.16 34.14 34.00 35 .63 36.74 
Fe203 0.53 1.92 0.50 0.09 4.14 4.66 3.50 3.07 0.57 0.00 0.00 0.64 0.00 
Total 99.22 99.97 100.96 99.33 102.28 101.89 102.26 99.46 100.08 99.00 99.80 99.07 100.80 
Si 2.935 2.861 3.013 3.044 2.884 2.905 2.934 2.924 3.019 3.114 3.132 3.027 3.039 
Al IV 0.065 0.139 0.000 0.000 0.116 0.095 0.066 0.076 0.000 0.000 0.000 0.000 0.000 
Al VI 2.031 2.026 1.939 1.904 1.868 1.815 1.856 1.891 1.919 1.788 1.788 1.910 1.924 
Fe 3+ 0.032 0.116 0.030 0.005 0.241 0.273 0.204 0.184 0.034 0.000 0.000 0.039 0.000 
Ti 0.001 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.002 0.001 0.000 0.000 0.000 
Cr 0.000 0.000 0.001 0.000 0.002 0.001 0.000 0.000 0.000 0.003 0.002 0.000 0.000 
Fez+ 2.204 2.142 2.249 2.327 1.905 1.916 1.908 1.930 2.214 2.316 2.286 2.420 2.451 
Mg 0.469 0.436 0.515 0.466 0.735 0.730 0.765 0.732 0.546 0.502 0.496 0.472 0.479 
Mn 0.106 0.109 0.126 0.123 0.107 0.111 0.125 0.117 0.121 0.130 0.133 0.069 0.061 
Ca 0.153 0.162 0.126 0.127 0.140 0.149 0.143 0.142 0.145 0.148 0.161 0.052 0.046 
Na 0.005 0.009 0.002 0.003 0.002 0.003 0.000 0.005 0.000 0.000 0.002 0.009 0.000 
Almandine 75.16 75 .18 74.09 75.02 59.19 57.72 56.30 66.09 72.29 71.01 70.60 79.66 79.68 
Grossular 3 .61 0.00 2.71 4.15 0.00 0.00 0.00 0.00 3.19 5.35 5.89 0.00 1.60 
Pyrope 15.98 15.31 17.42 16.27 30.55 31.18 32.37 25 .05 18.63 18.66 18.47 16.17 16.59 
Spessartine 3 .62 3.83 4.24 4.28 4.44 4.74 5.30 3.99 4.13 4.83 4.94 2.38 2.13 
XFe 0.75 0.75 0.75 0.77 0.66 0.66 0.65 0.66 0.73 0.75 0.74 0.80 0.81 
XMg 0.16 0.15 0.17 0.15 0.26 0.25 0.26 0.25 0.18 0.16 0.16 0.16 0.16 N Vl 
Fez+/Mg 4.70 4.91 4.37 4.99 2.59 2.63 2.49 2.64 4.06 4.61 4.61 5.13 5.12 °' 
Table 3 (continued). Chemical compositions of almandine garnet from Evergreen. Cations based on 12 atoms of oxygen. 
Wt. % AHCO6 AHCO7 99CO63 
Si02 38.93 38.14 38.38 38.75 38.33 36.39 37.45 37.11 37.36 37.68 38.12 38.49 
Ti02 0.02 0.04 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Afz03 19.89 20.29 20.81 20.95 21 .23 21.28 20.58 20.96 21.48 20.38 21.08 20.38 
Cr203 0.02 0.04 0.00 0.00 0.01 0.00 0.04 0.00 0.00 0.02 0.00 0.00 
FeO 35.66 34.75 32.20 31.97 33.26 33.05 33.42 34.41 34.11 34.69 34.32 34.79 
MnO 0.98 0.81 1.48 1.43 1.39 1.56 1.56 1.04 1.16 1.01 1.04 0.90 
MgO 4.46 4.99 4.62 4.72 5.40 5.44 5.08 5.39 5.44 5.63 5.53 5.23 
CaO 0.59 0.79 1.58 1.53 1.15 0.98 1.31 0.67 0.77 0.69 0.55 0.82 
Na20 0.00 0.00 0.10 0.00 0.00 0.05 0.04 0.06 0.03 0.00 0.03 0.08 
FeO 35.66 34.75 32.20 31.97 33.26 30.85 32.37 32.67 32.77 33.20 33.92 34.45 
Fe203 0.00 0.00 0.00 0.00 0.00 2.45 1.17 1.94 1.49 1.66 0.45 0.37 
Total 100.53 99.81 99.18 99.35 100.76 99.01 99.56 99.84 100.50 100.25 100.72 100.73 
Si 3.105 3.047 3.075 3.099 3.018 2.921 2.995 2.959 2.955 2.994 3.007 3.043 
Al IV 0.000 0.000 0.000 0.000 0.000 0.079 0.005 0.041 0.045 0.006 0.000 0.000 
Al VI 1.868 1.909 1.963 1.973 1.968 1.932 1.933 1.928 1.955 1.900 1.958 1.898 
Fe 3+ 0.000 0.000 0.000 0.000 0.000 0.148 0.070 0.116 0.089 0.099 0.027 0.022 
Ti 0.001 0.002 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.001 0.003 0.000 0.000 0.001 0.000 0.003 0.000 0.000 0.001 0.000 0.000 
Fez+ 2.378 2.322 2.158 2.138 2.190 2.071 2.165 2.178 2.167 2.206 2.237 2.278 
Mg 0.530 0.594 0.552 0.563 0.634 0.651 0.606 0.641 0.641 0.667 0.650 0.616 
Mn 0.066 0.055 0.100 0.097 0.093 0.106 0.106 0.070 0.078 0.068 0.069 0.060 
Ca 0.050 0.068 0.136 0.131 0.097 0.084 0.112 0.057 0.065 0.059 0.046 0.069 
Na 0.000 0.000 0.016 0.000 0.000 0.008 0.006 0.009 0.005 0.000 0.005 0.012 
Almandine 76.95 75.03 73.25 73.00 72.15 71.11 72.44 73.93 73.43 72.84 74.29 74.11 
Grossular 1.73 2.22 4.61 4.48 3.25 0.00 0.10 0.00 0.00 0.00 0.22 1.26 
Pyrope 18.89 20.71 18.74 19.21 21.44 22.35 20.27 21.75 21.73 22.82 21.82 21.39 
Spessartine 2.36 1.91 3.41 3.31 3.14 3.64 3.54 2.38 2.63 2.33 2.33 2.09 
XFe 0.79 0.76 0.73 0.73 0.73 0.71 0.72 0.74 0.73 0.74 0.75 0.75 
XMg 0.18 0.20 0.19 0.19 0.21 0.22 0.20 0.22 0.22 0.22 0.22 0.20 N Vl 
Fez+/Mg 4.49 3.91 3.91 3.80 3.45 3.18 3.57 3.40 3.38 3.31 3.44 3.70 ---l 
Table 4. Chemical compositions of hogbomite from Evergreen. 
Wt.% 99CO64 99CO64B 99CO65A 
Si02 0.01 0.00 0.00 0.01 0.09 0.01 0.07 0.04 0.48 0.17 0.47 0.43 0.01 0.10 
Ti02 4.93 4.87 4.58 4.77 4.86 4.86 4.40 3.06 1.77 4.89 4.36 4.69 4.49 4.57 
AJi03 60.17 60.54 60.87 58.67 59.21 60.89 62.02 63.41 61.45 63.84 60.39 60.71 61.83 60.14 
Cr203 0.00 0.01 0.07 0.06 0.05 0.08 0.08 0.12 --- 0.00 0.00 0.04 0.00 
FeO 23.79 24.01 23.76 22.55 22.15 26.19 24.54 25.61 27.84 25.86 27.02 26.64 24.86 24.40 
MnO 0.11 0.13 0.14 0.19 0.15 0.07 0.04 0.05 0.14 0.09 0.13 0.04 0.13 0.17 
ZnO 7.45 6.55 6.27 8.62 8.34 3.90 5.24 3.67 3.46 2.51 2.46 2.30 2.63 3.70 
MgO 2.96 2.78 2.91 2.81 2.81 3.10 2.86 3.03 4.02 3.21 3.63 3.84 5.46 5.07 
CaO 0.01 0.02 0.02 0.01 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.03 0.00 0.00 
Na20 0.00 0.06 0.01 0.00 0.01 0.00 0.00 0.00 0.22 0.09 0.00 0.00 0.04 0.13 
K20 0.02 0.01 0.02 0.02 0.02 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00 
F 0.00 0.12 0.00 0.00 0.12 0.19 0.00 0.00 0.00 0.00 0.95 0.00 0.07 0.06 
Cl 0.00 0.02 0.03 0.01 0.01 0.00 0.00 0.01 0.07 0.08 0.00 0.02 0.00 0.01 
Total 99.46 99.13 98.68 97.73 97.81 99.31 99.29 99.02 99.43 100.75 99.41 98.70 99.58 98.35 
Atomic proportions based on 31 atoms of oxygen 
Si 0.001 0.000 0.000 0.001 0.019 0.002 0.016 0.008 0.101 0.031 0.101 0.092 0.002 0.021 
Ti 0.800 0.790 0.744 0.792 0.802 0.784 0.706 0.490 0.287 0.767 0.705 0.753 0.712 0.739 
Al 15.294 15.401 15.489 15 .247 15.317 15.390 15.601 15 .909 15.547 15.655 15.302 15.296 15.349 15.219 
Cr 0.000 0.002 0.012 0.011 0.008 0.013 0.014 0.021 --- --- 0.000 0.000 0.007 0.001 
Fe 4.291 4.335 4.289 4.159 4.067 4.696 4.381 4.560 4.999 4.495 4.858 4.764 4.380 4.383 
Mn 0.021 0.023 0.026 0.036 0.028 0.012 0.008 0.009 0.023 0.016 0.024 0.008 0.024 0.031 
Zn 1.187 1.044 1.000 1.404 1.352 0.617 0.825 0.577 0.550 0.388 0.390 0.363 0.409 0.587 
Mg 0.953 0.896 0.938 0.925 0.919 0.992 0.911 0.961 1.287 0.992 1.162 1.223 1.716 1.623 
Ca 0.001 0.004 0.005 0.002 0.000 0.004 0.008 0.000 0.000 0.000 0.000 0.007 0.000 0.000 
Na 0.000 0.023 0.002 0.000 0.003 0.000 0.000 0.000 0.093 0.039 0.000 0.000 0.018 0.052 
K 0.006 0.004 0.005 0.004 0.005 0.000 0.002 0.003 0.000 0.008 0.000 0.000 0.000 0.000 
F 0.000 0.084 0.000 0.000 0.083 0.130 0.000 0.000 0.000 0.000 0.648 0.000 0.045 0.043 
Cl 0.000 0.007 0.012 0.004 0.005 0.001 0.000 0.005 0.023 0.023 0.000 0.008 0.000 0.002 N Vi 
XMg 0.18 0.17 0.18 0.18 0.18 0.17 0.17 0.17 0.20 0.18 0.19 0.20 0.28 0.27 00 
Table 4 ( continued). Chemical compositions of hogbomite from Evergreen. 
Wt. % 99CO65A 99CO65B AHCO6 
Si02 0.13 0.41 0.83 0.10 0.94 0.10 12.27 
Ti02 4.05 4.28 3.13 5.51 5.76 4.50 3.55 
Al203 60.56 61.26 62.57 61.36 57.07 61.63 56.33 
Cr203 0.09 0.01 0.06 0.29 0.31 0.08 0.00 
FeO 24.97 25 .89 25.67 26.91 26.37 24.52 20.80 
MnO 0.14 0.10 0.13 0.11 0.09 0.05 0.00 
ZnO 3.15 2.06 1.78 3.03 2.76 3.33 2.01 
MgO 5.16 4.91 5.24 4.32 4.61 3.29 4.88 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.05 
Na20 0.15 0.11 0.09 0.10 0.09 0.00 0.23 
K20 0.00 0.00 0.01 0.01 0.01 0.01 0.23 
F 0.20 0.23 0.00 0.00 0.00 0.03 0.00 
Cl 0.00 0.00 0.01 0.00 0.01 0.00 0.02 
Total 98.61 99.26 99.52 101.75 98.00 97.54 100.37 
Atomic proportions based on 31 atoms of oxygen 
Si 0.027 0.087 0.173 0.022 0.203 0.022 2.437 
Ti 0.652 0.681 0.494 0.864 0.940 0.729 0.531 
Al 15.293 15.304 15.461 15.077 14.589 15.644 13.188 
Cr 0.016 0.002 0.011 0.048 0.053 0.013 0.000 
Fe 4.475 4.589 4.502 4.692 4.784 4.416 3.456 
Mn 0.025 0.018 0.024 0.019 0.017 0.008 0.000 
Zn 0.498 0.322 0.276 0.467 0.442 0.530 0.295 
Mg 1.648 1.552 1.637 1.343 1.489 1.055 1.446 
Ca 0.000 0.000 0.001 0.000 0.000 0.000 0.011 
Na 0.062 0.044 0.035 0.039 0.037 0.000 0.089 
K 0.001 0.000 0.003 0.002 0.001 0.002 0.058 
F 0.138 0.153 0.000 0.000 0.000 0.024 0.000 
Cl 0.000 0.000 0.002 0.000 0.003 0.002 0.006 N Vi 
XMg 0.27 0.25 0.27 0.22 0.24 0.19 0.29 \0 
Table 5. Chemical compositions of cordierite from Evergreen. 
Wt.% 99CO64 99CO64B 
Si02 49.90 49.19 48.61 48.78 49.17 49.07 50.70 49.58 49.61 50.89 49.29 50.02 48.23 48.25 
Ti02 0.03 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.03 0.00 0.01 0.00 
A}z03 33.25 34.85 35.44 34.71 33.62 35.12 33.78 34.30 34.71 33 .07 34.14 34.22 34.36 34.65 
Cr203 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.06 0.00 0.11 0.00 0.00 5.95 
FeO 6.14 6.15 6.05 6.14 6.25 6.21 6.34 6.15 6.22 5.95 6.34 6.23 6.10 5.95 
MnO 0.12 0.08 0.05 0.05 0.10 0.09 0.09 0.07 0.07 0.06 0.09 0.07 0.12 0.00 
ZnO 0.16 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.03 0.00 
MgO 9.60 9.51 9.64 9.85 9.23 9.80 9.65 9.49 9.90 9.08 9.53 9.47 9.94 9.72 
CaO 0.03 0.02 0.00 0.00 0.03 0.00 0.02 0.02 0.04 0.15 0.00 0.03 0.00 0.00 
Na20 0.12 0.07 0.07 0.13 0.66 0.09 0.08 0.17 0.14 0.18 0.07 0.05 0.09 0.07 
K20 0.21 0.02 0.00 0.02 0.48 0.01 0.01 0.02 0.01 0.32 0.01 0.02 0.00 0.00 
F 0.23 0.00 0.14 0.00 0.00 0.00 0.26 0.13 0.13 0.14 0.00 0.00 0.00 2.05 
Cl 0.01 0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.00 0.00 
Total 99.80 99.90 100.00 99.70 99.66 100.40 100.93 99.96 100.90 99.85 99.61 100.21 98.88 100.69 
Cations based on 18 atoms of oxygen 
Si 4.941 4.931 4.808 4.891 5.011 4.892 4.941 4.925 4.876 5.095 4.965 5.001 4.879 4.124 
Ti 0.002 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.002 0.000 0.001 0.000 
Al IV 1.059 1.069 1.192 1.109 0.989 1.108 1.059 1.075 1.124 0.905 1.035 0.999 1.121 1.876 
Al VI 2.818 3.045 2.936 2.989 3.046 3.016 2.818 2.937 2.894 2.994 3.015 3.030 2.973 1.611 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 
Fe 0.508 0.516 0.500 0.515 0.533 0.518 0.517 0.511 0.511 0.498 0.534 0.521 0.516 0.425 
Mn 0.010 0.007 0.004 0.004 0.009 0.008 0.007 0.006 0.006 0.005 0.008 0.006 0.010 0.000 
Zn 0.010 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 
Mg 1.417 1.421 1.421 1.472 1.402 1.457 1.402 1.405 1.451 1.355 1.431 1.412 1.499 1.238 
Ca 0.003 0.002 0.000 0.000 0.003 0.000 0.002 0.002 0.004 0.016 0.000 0.003 0.000 0.000 
Na 0.023 0.014 0.013 0.025 0.130 0.017 0.015 0.033 0.027 0.035 0.014 0.010 0.018 0.012 
K 0.027 0.003 0.000 0.003 0.062 0.001 0.001 0.003 0.001 0.041 0.001 0.003 0.000 0.000 
XMg 0.74 0.73 0.74 0.74 0.72 0.74 0.73 0.73 0.74 0.73 0.73 0.73 0.74 0.74 N 0\ 
0 
Table 5 ( continued). Chemical compositions of cordierite from Evergreen. 
Wt. % 99CO64B 99CO65A 
Si02 47.76 46.68 47.85 47.75 47.27 48.50 47.02 47.04 47.86 49.50 49.64 48.12 50.42 
Ti02 0.02 0.02 0.00 0.00 0.00 0.08 0.03 0.00 0.00 0.00 0.03 0.00 0.00 
Al203 35.03 37.29 37.62 35.86 34.22 32.27 33.71 33.02 33.02 34.36 34.47 34.69 33.88 
Cr203 --- --- --- --- 0.00 0.00 0.00 0.04 0.00 0.01 0.00 0.00 0.00 
FeO 6.61 6.64 6.40 6.36 6.38 6.72 6.67 6.78 6.68 6.31 6.54 6.56 6.48 
MnO 0.01 0.08 0.11 0.07 0.09 0.06 0.12 0.01 0.06 0.06 0.04 0.15 0.12 
ZnO 0.00 0.06 0.00 0.05 0.02 0.06 0.00 0.01 0.04 0.07 0.03 0.05 0.05 
MgO 9.08 8.75 8.51 8.87 11.31 11.92 12.64 11.74 11.70 9.72 9.41 9.48 9.24 
CaO 0.02 0.00 0.04 0.01 0.07 0.03 0.02 0.02 . 0.03 0.01 0.02 0.02 0.01 
Na20 0.10 0.10 0.13 0.09 0.11 0.28 0.08 0.12 0.13 0.13 0.13 0.09 0.18 
K20 0.02 0.03 0.01 0.00 0.03 0.05 0.01 0.01 0.03 0.00 0.01 0.01 0.01 
F 0.00 0.00 0.00 1.26 0.23 0.15 0.07 0.11 0.22 0.00 0.00 0.00 0.04 
Cl 0.05 0.06 0.05 0.06 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00 
Total 98.70 99.71 100.72 100.38 99.73 100.13 100.38 98.91 99.79 100.17 100.32 99.17 100.43 
Cations based on 18 atoms of oxygen 
Si 4.838 4.673 4.751 4.319 4.638 4.781 4.616 4.693 4.692 4.956 4.974 4.869 5.042 
Ti 0.002 0.002 0.000 0.000 0.000 0.006 0.002 0.000 0.000 0.000 0.002 0.000 0.000 
Al IV 1.162 1.327 1.249 1.681 1.362 1.219 1.384 1.307 1.308 1.044 1.026 1.131 0.958 
Al VI 3.017 3.070 3.150 2.139 2.592 2.528 2.513 2.572 2.505 3.007 3.042 3.003 3.032 
Cr --- --- --- --- 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe 0.560 0.556 0.531 0.481 0.523 0.554 0.548 0.566 0.548 0.528 0.548 0.555 0.542 
Mn 0.001 0.007 0.009 0.005 0.007 0.005 0.010 0.001 0.005 0.005 0.003 0.013 0.010 
Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 
Mg 1.371 1.306 1.260 1.196 1.654 1.752 1.850 1.746 1.710 1.451 1.406 1.430 1.377 
Ca 0.002 0.000 0.004 0.001 0.007 0.003 0.002 0.002 0.003 0.001 0.002 0.002 0.001 
Na 0.020 0.019 0.025 0.016 0.021 0.054 0.015 0.023 0.025 0.025 0.025 0.018 0.035 
K 0.003 0.004 0.001 0.000 0.004 0.006 0.001 0.001 0.004 0.000 0.001 0.001 0.001 
XMg 0.71 0.7 0.7 0.71 0.76 0.76 0.77 0.76 0.76 0.73 0.72 0.72 0.72 N O'\ 
1--' 
Table 5 ( continued). Chemical compositions of cordierite from Evergreen. 
Wt.% 99CO65A 99CO65B AHCO5 
Si02 49.07 47.54 48.22 48.77 47.90 48.29 49.38 49.30 50.08 48.41 44.75 49.13 49.33 
Ti02 0.00 0.00 0.04 0.03 0.09 0.07 0.00 0.02 0.02 0.00 0.45 0.00 0.00 
Al203 34.19 33.38 32.60 31.89 31.93 33.24 34.62 34.04 34.08 34.55 33.68 32.28 33.71 
Cr203 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.03 0.00 0.00 0.00 
FeO 6.45 6.03 6.15 6.30 6.13 6.38 6.26 6.12 6.41 6.22 8.16 6.49 6.87 
MnO 0.05 0.10 0.10 0.05 0.10 0.09 0.10 0.06 0.07 0.09 0.12 0.08 0.07 
ZnO 0.00 0.13 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.03 0.00 
MgO 9.29 13.45 12.96 12.76 12.50 12.57 9.54 9.27 9.43 9.19 I0.816 12.04 9.46 
CaO 0.00 0.00 0.01 0.02 0.02 0.02 0.02 0.00 0.01 0.03 0.05 1 0.02 0.01 
Na20 0.14 0.08 0.08 0.08 0.09 0.14 0.21 0.14 0.25 0.20 0.77 0.15 0.12 
K20 0.03 0.01 0.00 0.01 0.02 0.00 0.01 0.00 0.02 0.02 0.86 0.02 0.00 
F 0.10 0.08 0.00 0.23 0.11 0.00 0.00 0.04 0.22 0.14 0.34 0.04 0.12 
Cl 0.01 0.00 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.01 0.03- 0.01 0.00 
Total 99.33 100.81 100.17 100.20 98.90 100.80 100.18 99.02 100.59 98.89 100 .. 36 100.29 99.69 
Cations based on 18 atoms of oxygen 
Si 4.920 4.631 4.766 4.741 4.764 4.758 4.947 4.980 4.922 4.861 4.410 4.865 4.927 
Ti 0.000 0.000 0.003 0.002 0.007 0.005 0.000 0.002 0.001 0.000 0.033 0.000 0.000 
Al IV 1.080 1.369 1.234 1.259 1.236 1.242 1.053 1.020 1.078 1.139 1.590 1.135 1.073 
Al VI 2.957 2.460 2.561 2.392 2.504 2.615 3.032 3.030 2.867 2.947 2.318 2.629 2.892 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe 0.541 0.491 0.508 0.512 0.510 0.526 0.525 0.517 0.527 0.522 0.672 0.537 0.574 
Mn 0.004 0.008 0.008 0.004 0.008 0.008 0.008 0.005 0.006 0.008 0.010 0.007 0.006 
Zn 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.020 0.000 0.000 
Mg 1.389 1.953 1.910 1.849 1.853 1.846 1.425 1.396 1.382 1.376 1.595 1.777 1.409 
Ca 0.000 0.000 0.001 0.002 0.002 0.002 0.002 0.000 0.001 0.003 0.005 0.002 0.001 
Na 0.027 0.015 0.015 0.015 0.017 0.027 0.041 0.027 0.048 0.039 0.147 0.029 0.023 
K 0.004 0.001 0.000 0.001 0.003 0.000 0.001 0.000 0.003 0.003 0.108 0.003 0.000 
XMg 0.72 0.8 0.79 0.78 0.78 0.78 0.73 0.73 0.72 0.72 0.7 0.77 0.71 N 0\ 
N 
Table 5 ( continued). Chemical compositions of cordierite from Evergreen. 
Wt.% AHCO5 AHCO6 AHCO7 99CO63 
Si02 49.63 50.21 49.26 50.26 49.69 49.39 47.64 49.99 49.02 48.44 49.05 48.08 47.33 49.03 
Ti02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 
Alz03 33.57 33.80 33.81 33.81 34.99 34.88 35.06 33.65 33.61 34.28 34.24 34.21 32.19 33.83 
Cr203 0.00 0.00 0.00 0.05 0.05 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 
FeO 6.58 5.98 6.16 6.40 6.65 6.09 6.30 6.78 6.73 6.70 5.61 5.77 6.67 6.32 
MnO 0.07 0.03 0.09 0.00 0.06 0.01 0.00 0.08 0.06 0.06 0.08 0.19 0.05 0.07 
ZnO 0.19 0.07 0.07 0.08 0.08 0.07 0.00 0.00 0.00 0.20 0.06 0.50 0.03 0.00 
MgO 9.56 9.93 9.70 9.48 8.90 9.87 10.02 9.60 9.50 9.71 9.83 9.65 9.87 9.66 
CaO 0.06 0.01 0.01 0.00 0.00 0.02 0.04 0.00 0.02 0.00 0.00 0.01 0.02 0.02 
Na20 0.10 0.05 0.10 0.12 0.18 0.12 0.15 0.14 0.10 0.11 0.19 0.10 0.51 0.10 
K20 0.00 0.01 0.01 0.01 0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.02 0.02 0.03 
F 0.14 0.14 0.03 0.22 0.00 0.08 0.00 0.14 0.22 0.05 0.13 0.00 0.14 0.00 
Cl 0.00 0.01 0.01 0.00 0.02 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 
Total 99.91 100 .24 99 .25 100.43 100.63 100.54 99.24 100.38 99.26 99.61 99.21 98.54 96.83 99.07 
Cations based on 18 atoms of oxygen 
Si 4.942 4.956 4.959 4.942 4.965 4.882 4.797 4.951 4.875 4.860 4.901 4.887 4.869 4.965 
Ti 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 
Al IV 1.058 1.044 1.041 1.058 1.035 1.118 1.203 1.049 1.125 1.140 1.099 1.113 1.131 1.035 
Al VI 2.878 2.885 2.968 2.857 3.083 2.942 2.955 2.876 2.811 2.910 2.930 2.982 2.769 3.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe 0.548 0.494 0.519 0.526 0.556 0.503 0.531 0.562 0.560 0.562 0.469 0.490 0.574 0.535 
Mn 0.006 0.003 0.008 0.000 0.005 0.001 0.000 0.007 0.005 0.005 0.007 0.016 0.004 0.006 
Zn 0.010 0.010 0.010 0.010 0.010 0.010 0.000 0.000 0.000 0.010 0.000 0.040 0.000 0.000 
Mg 1.419 1.461 1.456 1.390 1.326 1.454 1.504 1.417 1.408 1.452 1.464 1.462 1.514 1.458 
Ca 0.006 0.001 0.001 0.000 0.000 0.002 0.004 0.000 0.002 0.000 0.000 0.001 0.002 0.002 
Na 0.019 0.010 0.020 0.023 0.035 0.023 0.029 0.027 0.019 0.021 0.037 0.020 0.102 0.020 
K 0.000 0.001 0.001 0.001 0.001 0.000 0.003 0.000 0.000 0.000 0.001 0.003 0.003 0.004 
XMg 0.72 0.75 0.74 0.73 0.7 0.74 0.74 0.72 0.72 0.72 0.76 0.75 0.73 0.73 N O'\ w 
Table 6. Chemical compositions of gedrite from Evergreen. Cations based on 23 atoms of oxygen. 
Wt.% 99CO64 99CO64B 
Si02 45.54 45.06 46.12 43.45 43.80 44.92 43.07 43.02 43.04 44.49 44.69 43.19 44.37 43.41 44.72 45.66 
Ti02 0.08 0.10 0.18 0.18 0.13 0.16 0.15 0.15 0.16 0.11 0.10 0.21 0.24 0.16 0.15 0.09 
A(z03 12.36 12.47 12.55 14.90 13.06 13.31 15.06 16.09 15.80 12.36 12.89 13.80 12.86 13.57 13.93 11.79 
Cr20 3 0.05 0.00 0.00 0.04 0.00 --- --- --- --- 0.04 0.00 0.07 0.02 0.02 0.00 0.02 
FeO 24.59 24.42 23.96 24.03 23.52 23.98 23.59 24.72 23.64 23.70 24.12 23.91 23.93 24.11 23.74 24.63 
MnO 0.44 0.36 0.37 0.35 0.30 0.35 0.28 0.43 0.32 0.33 0.36 0.34 0.31 0.48 0.32 0.38 
ZnO 0.00 0.15 0.00 0.02 0.00 0.00 0.10 0.00 0.00 0.05 0.07 0.09 0.00 0.00 0.07 0.00 
MgO 13.43 13.17 13.45 13.00 14.55 13.41 12.63 11.59 11.49 14.04 14.09 13.32 13.56 13.64 13.70 13.84 
CaO 0.45 0.50 0.45 0.54 0.42 0.44 0.48 0.54 0.53 0.46 0.50 0.55 0.50 0.55 0.47 0.45 
Na20 1.16 1.21 1.24 1.46 0.99 1.17 1.13 1.05 0.98 1.32 1.24 1.36 1.43 1.50 1.38 1.18 
K20 0.00 0.01 0.02 0.02 0.00 0.07 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.05 0.11 0.00 
F 0.65 0.05 0.42 0.28 0.33 0.00 0.64 0.00 1.20 0.00 0.85 0.48 0.12 0.00 0.43 0.43 
Cl 0.03 0.01 0.01 0.02 0.02 0.13 0.08 0.06 0.04 0.00 0.00 0.02 0.02 0.05 0.04 0.01 
Total 98.78 97.53 98.76 98.29 97.12 97.93 97.23 97.67 97.21 96.91 98.89 97.35 97.36 97.54 99.05 98.47 
Si 6.721 6.711 6.788 6.420 6.483 6.637 6.446 6.391 6.488 6.628 6.574 6.454 6.607 6.446 6.558 6.737 
Ti 0.009 0.011 0.020 0.020 0.014 0.018 0.017 0.017 0.018 0.012 0.011 0.024 0.027 0.018 0.017 0.010 
Al IV 1.279 1.289 1.212 1.580 1.517 1.363 1.554 1.609 1.512 1.372 1.426 1.546 1.393 1.554 1.442 1.263 
Al VI 0.869 0.898 0.963 1.013 0.759 0.952 1.100 1.205 1.293 0.797 0.808 0.882 0.862 0.819 0.964 0.786 
Cr 0.006 0.000 0.000 0.005 0.000 --- --- --- --- 0.005 0.000 0.008 0.002 0.002 0.000 0.002 
Fe 3+ 0.054 0.017 0.000 0.100 0.445 0.027 0.090 0.068 0.000 0.162 0.242 0.215 0.062 0.256 0.033 0.117 
Fez+ 2.981 3.024 2.949 2.870 2.467 2.936 2.863 3.003 2.981 2.791 2.725 2.773 2.918 2.738 2.878 2.921 
Mn 0.055 0.045 0.046 0.044 0.038 0.044 0.035 0.054 0.041 0.042 0.045 0.043 0.039 0.060 0.040 0.047 
Mg 2.955 2.924 2.951 2.864 3.211 2.954 2.818 2.567 2.582 3.118 3.090 2.967 3.010 3.019 2.995 3.044 
Ca 0.071 0.080 0.071 0.085 0.067 0.070 0.077 0.086 0.086 0.073 0.079 0.088 0.080 0.087 0.074 0.071 
ANa 0.332 0.349 0.354 0.418 0.284 0.335 0.328 0.302 0.286 0.381 0.354 0.394 0.413 0.432 0.392 0.338 
AK 0.000 0.002 0.004 0.004 0.000 0.013 0.002 0.000 0.000 0.002 0.000 0.000 0.000 0.009 0.021 0.000 
:EA 0.332 0.351 0.358 0.422 0.284 0.348 0.330 0.302 0.286 0.383 0.354 0.394 0.413 0.441 0.413 0.338 
Cl 0.008 0.003 0.002 0.005 0.005 0.033 0.020 0.015 0.010 0.000 0.000 0.005 0.005 0.013 0.010 0.003 
F 0.303 0.024 0.195 0.131 0.154 0.000 0.303 0.000 0.572 0.000 0.395 ; 0.227 0.057 0.000 0.199 0.201 N 0\ 
XMg 0.50 0.49 0.50 0.50 0.57 0.50 0.50 0.46 0.46 0.53 0.53 0.52 0.51 0.52 0.51 0.51 
Table 6 ( continued). Chemical compositions of gedrite from Evergreen. Cations based on 23 atoms of oxygen. 
Wt.% 99CO64B 99CO65A 99CO65B AHCO5 AHCO6 AHCO7 
SiO2 45.23 44.52 44.49 45.72 44.49 43.20 42.73 45.56 47.12 46.78 46.20 46.91 45.09 45.99 42.21 
TiO2 0.17 0.19 0.15 0.13 0.17 0.09 0.20 0.23 0.17 0.22 0.15 0.20 0.11 0.11 0.18 
A(zO3 12.94 12.50 12.25 12.26 12.88 12.86 13.31 12.99 11.06 11.46 11.87 11.51 13.41 12.06 17.41 
Cr2O3 0.00 0.02 0.02 0.00 0.00 0.01 0.01 0.00 0.05 0.02 0.00 0.00 0.05 0.01 0.00 
FeO 24.59 25.02 25.41 24.18 24.06 22.69 22.55 23.98 23.69 23.49 24.84 25.12 25.32 24.63 21.96 
MnO 0.41 0.42 0.31 0.28 0.35 0.42 0.41 0.40 0.41 0.40 0.11 0.19 0.26 0.16 0.30 
ZnO 0.17 0.00 0.02 0.13 0.14 0.00 0.10 0.03 0.06 0.00 0.06 0.00 0.07 0.08 0.14 
MgO 13.72 13.83 13.17 13.44 12.97 18.10 17.27 13.31 14.57 13.83 12.81 12.69 12.89 13.41 13.07 
CaO 0.49 0.45 0.32 0.39 0.42 0.42 0.49 0.46 0.42 0.43 0.12 0.13 0.18 0.16 0.53 
Na2O 1.09 1.39 1.23 1.28 1.23 1.17 1.31 1.41 1.15 1.02 0.99 0.85 1.24 1.17 1.85 
K2O 0.00 0.00 0.01 0.02 0.05 0.02 0.02 0.01 0.00 0.03 0.01 0.00 0.00 0.01 0.01 
F 0.43 0.66 0.00 0.04 0.37 0.14 0.23 0.38 0.08 0.26 0.28 0.00 0.32 0.09 0.00 
Cl 0.03 0.02 0.01 0.02 0.05 0.04 0.05 0.00 0.05 0.01 0.01 0.01 0.01 0.00 0.01 
Total 99.27 99.00 97.38 97.90 97.17 99.17 98.66 98.76 98.83 97.94 97.46 97.60 98.94 97.87 97.67 
Si 6.620 6.561 6.638 6.779 6.674 6.161 6.161 6.716 6.886 6.912 6.904 6.978 6.643 6.818 6.237 
Ti 0.019 0.021 0.017 0.014 0.019 0.010 0.022 0.026 0.019 0.024 0.017 0.022 0.012 0.012 0.020 
Al IV 1.380 1.439 1.362 1.221 1.326 1.839 1.839 1.284 1.114 1.088 1.096 1.022 1.357 1.182 1.763 
Al VI 0 .850 0.731 0.790 0.919 0.950 0.320 0.421 0.971 0.790 0.906 0.992 0.994 0.970 0.924 1.266 
Cr 0.000 0.002 0.002 0.000 0.000 0.001 0.001 0.000 0.006 0.002 0.000 0.000 0.006 0.001 0.000 
Fe 3+ 0.183 0.266 0.178 0.000 0.000 1.171 1.004 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 
Fe 2+ 2.826 2.818 2.993 2.998 3.019 1.535 1.715 2.956 2.895 2.903 3.104 3.125 3.118 3.053 2.714 
Mn 0.051 0.052 0.039 0.035 0.044 0.051 0.050 0.050 0.051 0.050 0.014 0.024 0.032 0.020 0.038 
Mg 2.994 3.039 2.929 2.971 2.901 3.848 3.712 2.925 3.174 3.046 2.854 2.814 2.831 2.964 2.879 
Ca 0.077 0.071 0.051 0.062 0.068 0.064 0.076 0.073 0.066 0.068 0.019 0.021 0.028 0.025 0.084 
ANa 0.309 0.397 0.356 0.368 0.358 0.324 0.366 0.403 0.326 0.292 0.287 0.245 0.354 0.336 0.530 
AK 0.000 0.000 0.002 0.004 0.010 0.004 0.004 0.002 0.000 0.006 0.002 0.000 0.000 0.002 0.002 
:EA 0.309 0.397 0.358 0.372 0.367 0.327 0.370 0.405 0.326 0.298 0.289 0.245 0.354 0.338 0.532 
Cl 0.007 0.005 0.003 0.005 0.013 0.010 0.012 0.000 0.012 0.003 0.003 0.003 0.002 0.000 0.003 
F 0.199 0.308 0.000 0.019 0.176 0.063 0.105 0.177 0.037 0.121 0.132 0.000 0.149 0.042 0.000 N 0\ 
XMg 0.51 0.52 0.49 0.50 0.49 0.71 0.68 0.50 0.52 0.51 0.48 0.47 0.48 0.49 0.51 Vl 
Table 6 ( continued). Chemical compositions of gedrite from Evergreen. Cations based on 23 atoms of oxygen. 
Wt.% AHCO7 99CO63 
Si02 45.62 42.62 41.45 42.32 44.72 43.60 43.83 44.06 
Ti02 0.16 0.18 0.19 0.21 0.22 0.14 0.16 0.23 
A)i03 11.92 16.42 16.71 17.13 14.23 14.31 14.13 14.36 
Cr203 0.07 0.02 0.05 0.00 0.06 0.00 0.02 0.00 
FeO 24.37 22.75 23.18 22.16 24.26 24.14 25.13 24.77 
MnO 0.27 0.23 0.43 0.34 0.33 0.18 0.32 0.18 
ZnO 0.06 0.02 0.00 0.09 0.12 0.00 0.00 0.00 
MgO 13.96 13.23 13.55 12.65 13.24 13.55 12.94 12.47 
CaO 0.19 0.54 0.52 0.45 0.22 0.27 0.30 0.26 
Na20 1.17 1.44 1.47 1.68 1.22 1.46 1.38 1.41 
KzO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
F 0.48 0.40 0.00 0.17 0.08 0.07 0.25 0.04 
Cl 0.00 0.03 0.02 0.03 0.04 0.01 0.02 0.03 
Total 98.28 97.88 97.57 97.21 98.74 97.72 98.47 97.82 
Si 6.745 6.290 6.106 6.297 6.562 6.450 6.477 6.551 
Ti 0.018 0.020 0.021 0.024 0.024 0.016 0.018 0.026 
Al I\' 1.255 1.710 1.894 1.703 1.438 1.550 1.523 1.449 
Al V I 0.820 1.144 1.006 1.298 1.020 0.944 0.936 1.066 
Cr 0.008 0.002 0.006 0.000 0.007 0.000 0.002 0.000 
Fe 3+ 0.054 0.111 0.420 0.000 0.016 0.156 0.154 0.000 
Fe 2+ 2.959 2.698 2.436 2.757 2.961 2.831 2.952 3.080 
Mn 0.034 0.029 0.054 0.043 0.041 0.023 0.040 0.023 
Mg 3.077 2.911 2.976 2.806 2.896 2.989 2.851 2.764 
Ca 0.030 0.085 0.082 0.072 0.035 0.043 0.047 0.041 
ANa 0.335 0.412 0.420 0.485 0.347 0.419 0.395 0.407 
AK 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.002 
!:A 0.337 0.412 0.420 0.485 0.347 0.419 0.395 0.408 
Cl 0.000 0.008 0.005 0.008 0.010 0.003 0.005 0.008 
F 0.224 0.187 0.000 0.080 0.037 0.033 0.117 0.019 N 0\ 
XMg 0.51 0.52 0.55 0.50 0.49 0.51 0.49 0.47 0\ 
Table 7. Chemical compositions of sillimanite from Evergreen. Total iron expressed as FeO. 
Wt.% 99CO64 99CO64B 
Si02 35.07 36.43 35.37 35.86 34.64 37.13 37.89 36.31 36.57 35.99 35.91 35.59 
Ti02 0.02 0.07 0.01 0.03 0.01 0.02 0.00 0.04 0.03 0.01 0.05 0.00 
A)i03 62.72 60.68 63.98 63.16 64.03 62.55 61.33 60.92 61.70 61.94 63.20 60.59 
Cr203 0.01 0.00 0.03 0.01 0.00 0.00 0.05 0.03 0.08 0.03 0.00 0.00 
FeO 0.78 1.05 0.50 0.55 0.57 0.61 0.69 1.98 0.88 0.48 0.51 0.50 
MnO 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.06 0.00 0.04 0.02 0.00 
ZnO 0.13 0.01 0.02 0.11 0.00 0.00 0.02 0.00 0.04 0.03 0.00 0.04 
MgO 0.02 0.37 0.05 0.05 0.02 0.08 0.13 0.54 0.24 0.00 0.00 0.00 
CaO 0.05 0.01 0.00 0.05 0.00 0.03 0.02 0.02 0.05 0.02 0.01 0.06 
Na20 0.06 0.00 0.02 0.03 0.04 0.03 0.03 0.05 0.13 0.01 0.02 0.67 
K20 0.01 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.04 0.01 0.01 0.36 
F 0.14 0.00 0.09 0.04 0.18 0.01 0.00 0.10 0.00 0.05 0.00 0.01 
Cl 0.00 0.00 0.02 0.01 0.02 0.02 0.04 0.02 0.02 0.01 0.01 0.56 
Total 99.02 98.62 100.09 99.89 99.54 100.50 100.22 100.06 99.77 98.63 99.74 98.38 
Atomic proportions based on 20 atoms of oxygen 
Si 3.855 4.0 10 3.836 3.895 3.785 4.002 4.094 3.968 3.982 3.954 3.901 3.962 
Ti 0.002 0.006 0.001 0.002 0.001 0.001 0.000 0.003 0.002 0.001 0.004 0.000 
Al 8.125 7.872 8.177 8.086 8.245 7.944 7.809 7.848 7.918 8.021 8.092 7.948 
Cr 0.001 0.000 0.002 0.001 0.000 0.000 0.005 0.003 0.007 0.003 0.000 0.000 
Fe 0.072 0.097 0.045 0.050 0.052 0.055 0.063 0.181 0.080 0.044 0.047 0.046 
Mn 0.000 0.000 0.000 0.002 0.000 0.002 0.000 0.005 0.000 0.004 0.002 0.000 
Zn 0.010 0.001 0.002 0.009 0.000 0.000 0.002 0.000 0.003 0.003 0.000 0.003 
Mg 0.004 0.060 0.007 0.008 0.003 0.013 0.022 0.087 0.039 0.000 0.000 0.000 
Ca 0.006 0.002 0.000 0.005 0.000 0.004 0.003 0.002 0.006 0.002 0.001 0.007 
Na 0.012 0.000 0.005 0.006 0.009 0.005 0.006 0.010 0.028 0.002 0.004 0.144 
K 0.002 0.000 0.001 0.000 0.002 0.001 0.001 0.001 0.006 0.002 0.001 0.051 
F 0.048 0.000 0.031 0.014 0.063 0.002 0.000 0.033 0.000 0.016 0.000 0.002 
Cl 0.000 0.000 0.003 0.001 0.004 0.003 0.007 0.003 0.004 0.002 0.001 0.106 
Total 12.137 12.048 12.110 12.079 12.164 12.032 12.012 12.144 12.075 12.054 12.053 12.269 N 0\ 
XMg 0.05 0.38 0.13 0.14 0.05 0.19 0.26 0.32 0.33 0.00 0.00 0.00 --...J 
Table 8. Chemical compositions of biotite from Evergreen. 
Mineral Biotite 
Sample 99CO65B AHCO7 99CO63 
Si02 36.95 38.14 37.99 37.86 37.68 37.22 36.72 36.87 37.66 36.98 
Ti02 1.07 1.06 1.04 1.01 0.98 1.32 1.30 1.18 1.32 1.10 
Alz03 16.78 18.30 16.85 17.94 19.00 18.08 18.65 18.12 18.15 17.48 
Cr203 0.01 0.00 0.00 0.00 0.03 0.05 0.02 0.03 0.02 0.00 
FeO 14.32 12.20 12.15 12.64 12.44 13.30 13.07 13.51 13.52 14.21 
MnO 0.05 0.00 0.02 0.00 0.03 0.01 0.03 0.01 0.03 0.00 
MgO 18.81 16.50 16.27 16.22 16.61 15 .17 15.60 15.66 15.38 15.50 
CaO 0.02 0.00 0.02 0.02 0.02 0.05 0.07 0.05 0.04 0.04 
ZnO 0.00 0.03 0.00 0.00 0.01 0.10 0.09 0.00 0.00 0.00 
Na20 0.31 0.41 0.37 0.44 0.47 0.48 0.44 0.38 0.49 0.39 
K20 8.56 8.48 8.98 8.49 8.59 8.49 8.43 8.39 8.65 9.12 
Total 96.88 95.12 93.69 94.62 95.86 94.27 94.42 94.20 95.26 94.82 
Cations based on 22 atoms of oxygen 
Si 5.382 5.562 5.652 5.569 5.467 5.525 5.438 5.480 5.534 5.506 
Ti 0.117 0.116 0.116 0.112 0.107 0.147 0.145 0.132 0.146 0.123 
Al IV 2.618 2.438 2.348 2.431 2.533 2.475 2.562 2.520 2.466 2.494 
Al VI 0.260 0.705 0.604 0.676 0.714 0.686 0.691 0.652 0.675 0.571 
Fez+ 1.744 1.488 1.512 1.555 1.510 1.651 1.619 1.679 1.661 1.769 
Cr 0.001 0.000 0.000 0.000 0.003 0.006 0.002 0.004 0.002 0.000 
Mn 0.006 0.000 0.003 0.000 0.004 0.001 0.004 0.001 0.004 0.000 
Mg 4.085 3.587 3.608 3.556 3.593 3.357 3.444 3.470 3.369 3.441 
Ca 0.003 0.000 0.003 0.003 0.003 0.008 0.011 0.008 0.006 0.006 
Zn 0.000 0.000 0.000 0.000 0.000 0.010 0.010 0.000 0.000 0.000 
Na 0.088 0.116 0.107 0.125 0.132 0.138 0.126 0.110 0.140 0.113 
K 1.591 1.578 1.704 1.593 1.590 1.608 1.593 1.591 1.622 1.732 
Total 15 .895 15.590 15.657 15.620 15.656 15.612 15.645 15.647 15.625 15.755 
XFe 0.3 0.29 0.3 0.3 0.3 0.33 0.32 0.33 0.33 0.34 N °' XMg 0.7 0.71 0.7 0.7 0.7 0.67 0.68 0.67 0.67 0.66 00 
Table 9. Chemical compositions of chlorite and corundum from Evergreen. 
Mineral Chlorite Corundum 
Wt.% AHCO7 99CO64 99CO63 Wt.% 99CO65A 
SiO2 25.95 26.10 26.37 26.15 26.41 26.09 SiO2 0.05 
TiO2 0.10 0.05 0.06 0.04 0.05 0.09 TiO2 0.02 
A)zO3 22.68 22.72 22.85 24.28 24.31 21.72 AlzO3 98.44 
Cr2O3 --- --- --- --- --- Cr2O3 0.00 
FeO 16.99 17.21 16.57 16.41 16.00 18.28 FeO 0.71 
MnO 0.00 0.01 0.02 0.02 0.06 0.00 MnO 0.02 
ZnO --- --- --- --- --- ZnO 0.00 
MgO 19.53 20.16 19.86 21.26 20.99 19.90 MgO 0.06 
CaO 0.00 0.00 0.00 0.00 0.03 0.05 CaO 0.00 
Na2O 0.01 0.00 0.01 0.00 0.01 0.05 Na2O 0.00 
K2O 0.09 0.00 0.02 0.00 0.02 0.00 K2O 0.00 
Total 85.35 86.25 85.76 88.16 87.88 86.18 F 0.04 
Cl 0.00 
Total 99.34 
Oxygens 14 4 
Si 2.086 2.077 2.101 2.025 2.046 2.093 Si 0.001 
Ti 0.006 0.003 0.004 0.002 0.003 0.005 Ti 0.000 
Al IV 1.027 1.036 1.012 1.088 1.067 1.019 Al 1.995 
:ET 3.113 3.113 3.113 3.113 3.113 3.113 Cr 0.000 
Al VI 1.120 1.093 1.132 1.125 1.150 1.033 Fe 0.010 
Fe 2+ 1.142 1.146 1.104 1.063 1.037 1.227 Mn 0.000 
Mn 0.000 0.001 0.001 0.001 0.004 0.000 Zn 0.000 
Mg 2.340 2.392 2.359 2.454 2.424 2.381 Mg 0.002 
Ca 0.000 0.000 0.000 0.000 0.002 0.004 Ca 0.000 
Na 0.002 0.000 0.002 0.000 0.002 0.008 Na 0.000 
K 0.009 0.000 0.002 0.000 0.002 0.000 K 0.000 
Total 7.732 7.747 7.717 7.758 7.736 7.771 F 0.002 
XFe 0.33 0.32 0.32 0.3 0.3 0.34 Cl 0.000 
XMg 0.67 0.68 0.68 0.7 0.7 0.66 Total 2.010 N 0\ 
'-0 
Table 10. Chemical compositions of ilmenite from Evergreen. 
Wt. % 99CO64B 99CO65B AHCO7 99CO63 
SiO2 0.34 0.90 0.00 0.00 0.00 0.00 0.17 0.06 
TiO2 48.28 47.85 48.31 47.17 50.01 48.35 48.88 49.42 
A(zO3 0.18 0.78 0.02 0.02 0.06 0.03 0.17 0.12 
Cr2O3 --- --- 0.01 0.00 0.01 0.01 0.00 0.02 
FeO 47.97 48.41 50.09 50.83 50.19 48.55 48.12 48.52 
MnO 0.81 0.79 0.71 0.70 0.62 0.62 0.38 0.48 
ZnO 0.00 0.00 0.07 0.11 0.02 0.04 0.00 0.04 
MgO 0.01 0.14 0.09 0.05 0.13 0.06 0.14 0.00 
CaO 0.04 0.03 0.00 0.00 0.01 0.02 0.04 0.00 
Na2O 0.00 0.00 0.00 0.01 0.03 0.02 0.03 0.02 
K2O 0.02 0.04 0.00 0.00 0.00 0.00 0.02 0.00 
F 0.00 0.89 0.36 0.02 0.25 0.07 0.00 0.00 
Cl 0.08 0.09 0.02 0.00 0.01 0.01 0.01 0.00 
Total 97.74 99.93 99.69 98.91 101.35 97.78 97.94 98.69 
Atomic proportions based on 3 atoms of oxygen 
Si 0.009 0.023 0.000 0.000 0.000 0.000 0.004 0.002 
Ti 0.951 0.926 0.944 0.932 0.956 0.956 0.959 0.964 
Al 0.006 0.024 0.001 0.001 0.002 0.001 0.005 0.004 
Cr --- --- 0.000 0.000 0.000 0.000 0.000 0.000 
Fe 1.051 1.042 1.089 1.116 1.066 1.068 1.050 1.052 
Mn 0.018 0.017 0.016 0.016 0.013 0.014 0.008 0.011 
Zn 0.000 0.000 0.001 0.002 0.001 0.001 0.000 0.001 
Mg 0.001 0.005 0.004 0.002 0.005 0.002 0.005 0.000 
Ca 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 
Na 0.000 0.000 0.000 0.001 0.002 0.001 0.001 0.001 
K 0.001 0.002 0.000 0.000 0.000 0.000 0.001 0.000 
F 0.000 0.072 0.030 0.002 0.021 0.006 0.000 0.000 
Cl 0.003 0.004 0.001 0.000 0.000 0.000 0.001 0.000 
Total 2.041 2.116 2.086 2.071 2.065 2.050 2.035 2.035 N -.....) 
Fe/Ti 1.10 1.12 1.15 1.20 1.12 1.12 1.09 1.09 0 
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CAPROCK DEPOSIT 
Table 1. Chemical compositions of spine( from the Caprock deposit. 
Mineral Gahnite 
Wt. % AHCO151 (rim) AHCO153 AHCO154 (rim) (core) 
Si02 0.12 0.14 0.14 0.04 0.17 0.19 0.23 0.18 0.06 0.07 0.00 0.14 0.18 1.01 
Ti02 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.02 0.02 0.00 0.00 0.00 0.03 0.03 
AJi03 58 .05 58 .80 58.74 57.90 59.00 58.32 58.67 58.00 58.06 58.75 58.96 58.58 57.78 56.89 
Cr203 0.12 0.17 0.04 0.00 0.00 0.00 0.11 0.00 0.08 0.07 0.04 0.00 0.00 0.09 
FeO 6.93 6.95 7.31 5.66 5.76 5.85 6.95 7.43 7.29 7.61 6.89 7.20 7.21 7.40 
MnO 0.38 0.26 0.27 0.29 0.40 0.42 0.20 0.28 0.40 0.41 0.34 0.40 0.32 0.37 
ZnO 30.70 30.29 29.17 32.31 32.05 33 .16 31.55 29.66 31.18 30.43 30.75 29.78 30.58 30.72 
MgO 3.48 3.58 3.56 3.16 3.12 3.15 3.35 3.80 3.97 3.93 3.60 4.00 4.20 3.90 
CaO 0.00 0.00 0.00 0.03 0.02 0.01 0.02 0.00 0.02 0.00 0.00 0.01 0.02 0.01 
NazO 0.06 0.11 0.04 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0.00 
KzO 0.00 0.00 0.00 0.01 0.02 0.01 0.02 0.01 0.00 0.01 0.00 0.01 0.01 0.01 
F 0.00 0.00 0.02 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.06 0.05 0.03 0.05 0.03 0.02 0.03 0.06 0.05 0.09 0.05 0.06 0.04 0.06 
Total 99.90 100.36 99.32 99.43 100.58 101.15 101.19 99.60 101.13 101.3 7 100.64 100.18 100.38 100.48 
Atomic proportions based on 4 atoms of oxygen 
Si 0.004 0.004 0.004 0.001 0.005 0.006 0.007 0.005 0.002 0.002 0.000 0.004 0.005 0.029 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 
Al 1.997 2.004 2.015 2.007 2.013 1.993 1.995 1.995 1.979 1.991 2.008 1.999 1.978 1.947 
Cr 0.003 0.004 0.001 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.001 0.000 0.000 0.002 
Fe 0.169 0.168 0.178 0.139 0.140 0.142 0.168 0.181 0.176 0.183 0.167 0.174 0.175 0.180 
Mn 0.009 0.006 0.007 0.007 0.010 0.010 0.005 0.007 0.010 0.010 0.008 0.010 0.008 0.009 
Zn 0.662 0.647 0.627 0.702 0.685 0.710 0.672 0.639 0.666 0.646 0.656 0.637 0.656 0.659 
Mg 0.151 0.154 0.155 0.138 0.135 0.136 0.144 0.165 0.171 0.168 0.155 0.173 0.182 0.169 
Ca 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.001 0.000 
Na 0.003 0.006 0.002 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 
F 0.000 0.000 0.002 0.000 0.000 0.000 0.003 0.002 0.000 0.000 0.000 0.000 0.000 0.000 
Cl 0.003 0.003 0.002 0.002 0.001 0.001 0.002 0.003 0.002 0.004 0.002 0.003 0.002 0.003 N -..J 
Total 3.001 2.996 2.993 2.997 2.991 2.998 3.000 3.005 3.009 3.006 2.997 3.000 3.009 2.999 N 
Table I ( continued). Chemical compositions of spin el from the Cap rock deposit. 
Mineral Gahnite Gahnos2inel 
Wt.% AHCO154 AHCO158 (rim) (core) AHCO160 AHCO162 
Si02 0.16 0.15 0.01 0.12 0.20 0.16 0.05 0.15 0.00 0.06 0.02 0.10 0.07 0.23 0.23 
Ti02 0.00 0.00 0.03 0.00 0.05 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
A(z03 57.88 61.46 63.03 62.54 62.49 61.45 61.23 61.80 58.05 56.67 57.52 59.80 60.27 59.22 58.95 
Cr203 0.06 0.08 0.05 0.00 0.05 0.00 0.00 0.00 0.00 0.06 0.03 0.00 0.00 0.00 0.04 
FeO 5.67 7.47 7.18 7.09 7.34 7.19 7.40 7.22 5.69 5.69 5.71 7.94 7.89 7.99 7.76 
MnO 0.48 1.05 1.01 0.91 1.05 1.05 0.99 0.97 0.64 0.52 0.43 0.51 0.54 0.64 0.46 
ZnO 32.46 17.46 17.78 17.07 17.28 17.78 18.02 17.26 33.36 32.72 33.34 26.73 27.66 29.03 27.37 
MgO 3.10 11.48 11.37 11.86 11.66 11.88 11.62 11.71 3.03 3.34 3.05 4.08 4.08 3.45 4.19 
CaO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.11 0.12 0.00 0.16 
K20 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.00 
F 0.12 0.00 0.24 0.25 0.19 0.00 0.00 0.19 0.00 0.00 0.00 0.16 0.00 0.00 0.10 
Cl 0.04 0.07 0.04 0.04 0.03 0.06 0.03 0.03 0.05 0.04 0.05 0.07 0.03 0.05 0.08 
Total 99.99 99.22 100.75 99.88 100.33 99.57 99.37 99.33 100.83 99.10 100.17 99.52 100.67 100.63 99.33 
Atomic proportions based on 4 atoms of oxygen 
Si 0.005 0.004 0.000 0.003 0.005 0.004 0.001 0.004 0.000 0.002 0.001 0.003 0.002 0.007 0.007 
Ti 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.999 1.982 2.001 1.995 1.988 1.975 1.977 1.987 1.996 1.983 1.993 2.029 2.024 2.009 2.011 
Cr 0.001 0.002 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 
Fe 0.139 0.171 0.162 0.160 0.166 0.164 0.170 0.165 0.139 0.141 0.140 0.191 0.188 0.192 0.188 
Mn 0.012 0.024 0.023 0.021 0.024 0.024 0.023 0.022 0.016 0.013 0.011 0.013 0.013 0.016 0.011 
Zn 0.703 0.353 0.354 0.341 0.345 0.358 0.364 0.348 0.719 0.717 0.724 0.568 0.582 0.617 0.585 
Mg 0.136 0.468 0.457 0.478 0.469 0.483 0.474 0.476 0.132 0.148 0.133 0.175 0.174 0.148 0.181 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.007 0.000 0.009 
K 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 
F 0.011 0.000 0.020 0.021 0.016 0.000 0.000 0.016 0.000 0.000 0.000 0.015 0.000 0.000 0.009 
Cl 0.002 0.003 0.002 0.002 0.002 0.003 0.002 0.001 0.003 0.002 0.003 0.003 0.001 0.003 0.004 N -...J 
Total 3.009 3.007 3.021 3.021 3.017 3.011 3.012 3.019 3.005 3 .007 3 .006 3 .003 2.992 2.993 3.005 VJ 
Table 1 ( continued). Chemical compositions of spin el from the Caprock deposit. 
Mineral Gahnite 
Wt.% AHCO162 AHCO163 AHCO166 
Si02 0.22 0.23 0.17 0.04 0.00 0.20 0.22 0.16 0.10 0.17 0.07 0.13 0.05 0.04 
Ti02 0.00 0.00 0.00 0.02 0.01 0.01 0.00 0.03 0.00 0.00 0.01 0.01 0.00 0.00 
A)z03 58.33 58.95 55.33 54.32 55.87 56.02 58.06 58.57 59.32 58.16 59.01 58.68 57.82 57.97 
Cr203 0.02 0.04 0.11 0.11 0.02 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 
FeO 8.07 7.76 6.33 6.07 6.12 5.88 7.46 7.12 7.03 7.53 7.33 7.29 7.46 7.61 
MnO 0.60 0.46 0.24 0.11 0.22 0.24 0.47 0.38 0.47 0.42 0.52 0.43 0.45 0.34 
ZnO 28.95 27.37 34.48 35.22 35.52 34.97 30.74 30.87 30.44 30.63 30.53 30.17 29.62 30.57 
MgO 3.98 4.19 3.19 3.37 3.34 3.12 4.33 4.17 3.88 4.33 3.96 4.46 4.42 4.33 
CaO 0.00 0.00 0.00 0.00 0.00 0.04 0.02 0.03 0.02 0.02 0.01 0.04 0.00 0.02 
Na20 0.00 0.16 0.06 0.29 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.12 0.26 0.14 
K20 0.05 0.00 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02 
F 0.02 0.10 0.00 0.51 0.14 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.09 
Cl 0.02 0.08 0.05 0.02 0.06 0.04 0.05 0.05 0.03 0.04 0.04 0.05 0.08 0.03 
Total 100.26 99.33 99.99 100.08 101.37 100.63 101.36 101.59 101.30 101.30 101.49 101.40 100.22 101.15 
Atomic proportions based on 4 atoms of oxygen 
Si 0.006 0.007 0.005 0.001 0.000 0.006 0.006 0.005 0.003 0.005 0.002 0.004 0.001 0.001 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.990 2.011 1.945 1.929 1.945 1.953 1.971 1.983 2.003 1.974 1.994 1.982 1.979 1.974 
Cr 0.000 0.001 0.003 0.003 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
Fe 0.195 0.188 0.158 0.153 0.151 0.146 0.180 0.171 0.168 0.181 0.176 0.175 0.181 0.184 
Mn 0.015 0.011 0.006 0.003 0.006 0.006 0.012 0.009 0.011 0.010 0.013 0.010 0.011 0.008 
Zn 0.619 0.585 0.760 0.784 0.775 0.764 0.654 0.655 0.644 0.651 0.646 0.639 0.635 0.652 
Mg 0.172 0.181 0.142 0.151 0.147 0.138 0.186 0.179 0.166 0.186 0.169 0.190 0.191 0.187 
Ca 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.001 
Na 0.000 0.009 0.003 0.017 0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.007 0.015 0.008 
K 0.002 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 
F 0.002 0.009 0.000 0.048 0.013 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.000 0.008 
Cl 0.001 0.004 0.003 0.001 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.004 0.001 N -.....] 
Total 3.002 3.005 3.026 3.090 3.045 3.019 3.012 3.024 2.998 3.010 3.002 3.011 3.019 3.025 
Table 1 ( continued). Chemical compositions of spin el from the Cap rock deposit. 
Mineral Gahnite 
Wt.% AHCO166 
Si02 0.01 0.02 0.13 0.18 0.08 0.01 0.02 0.13 0.18 0.08 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Alz03 58.22 57.11 57.23 58.66 58.65 58.22 57.11 57.23 58.66 58.65 
Cr203 0.00 0.00 0.04 0.00 0.04 0.00 0.00 0.04 0.00 0.04 
FeO 7.18 7.23 7.22 7.08 6.84 7.18 7.23 7.22 7.08 6.84 
MnO 0.31 0.41 0.36 0.34 0.44 0.31 0.41 0.36 0.34 0.44 
ZnO 30.71 31.61 31.51 29.81 30.49 30.71 31.61 31.51 29.81 30.49 
MgO 4.20 4.61 4.58 3.81 3.86 4.20 4.61 4.58 3.81 3.86 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.01 0.03 0.00 0.01 0.00 0.01 0.03 0.00 0.01 
F 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Cl 0.04 0.03 0.05 0.04 0.05 0.04 0.03 0.05 0.04 0.05 
Total 100.68 101.03 101.14 99.93 100.46 100.68 101.03 101.14 99.93 100.46 
Atomic proportions based on 4 atoms of oxygen 
Si 0.000 0.001 0.004 0.005 0.002 0.000 0.001 0.004 0.005 0.002 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.987 1.957 1.956 2.004 2.000 1.987 1.957 1.956 2.004 2.000 
Cr 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.001 
Fe 0.174 0.176 0.175 0.172 0.165 0.174 0.176 0.175 0.172 0.165 
Mn 0.008 0.010 0.009 0.008 0.011 0.008 0.010 0.009 0.008 0.011 
Zn 0.657 0.678 0.675 0.638 0.651 0.657 0.678 0.675 0.638 0.651 
Mg 0.181 0.200 0.198 0.165 0.167 0.181 0.200 0.198 0.165 0.167 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
F 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Cl 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 N -...J 
Total 3.009 3.025 3.021 2.994 2.999 3.009 3.025 3.021 2.994 2.999 V't 
Table 2. Chemical compositions of garnet from the Caprock deposit. 
Mineral Almandine-S:eessartine 
Wt.% AHCO151 (rim) (core) (2/3 from center) (rim) (rim) 
Si02 37.08 36.75 40.01 38.40 39.10 38.53 39.57 38.99 39.06 37.62 39.25 37.22 37.72 37.61 37.86 
Ti02 0.00 0.00 0.00 0.02 0.00 0.05 0.01 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.02 
Al203 21.83 22.06 19.77 21.10 21.09 21.13 20.73 20.76 21.31 21.43 20.91 21.88 21.59 20.95 21.29 
Cr203 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.06 0.00 0.03 0.00 
FeO 19.91 19.67 20.25 20.95 20.65 20.98 20.62 20.69 20.47 20.44 20.56 20.45 20.35 20.19 20.63 
MnO 12.98 13.53 11.38 10.36 11.18 10.29 11.09 11.31 10.23 12.26 11.21 13.09 14.17 13.31 13.89 
ZnO 0.17 0.00 0.03 0.06 0.08 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.06 0.02 0.05 
MgO 5.79 4.94 5.29 6.47 6.41 6.21 6.09 6.19 6.44 5.64 5.72 5.58 4.77 5.25 4.58 
CaO 2.10 2.29 2.37 2.33 2.32 2.29 2.21 2.22 2.25 2.08 2.36 2.12 2.23 2.17 2.05 
Na20 0.00 0.07 0.00 0.00 0.01 0.04 0.01 0.00 0.00 0.05 0.05 0.00 0.00 0.01 0.07 
K20 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.02 0.03 0.00 0.00 0.00 0.01 0.02 0.03 
F 0.00 0.00 0.00 0.38 0.00 0.15 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 
Cl 0.04 0.03 0.04 0.03 0.05 0.06 0.03 0.04 0.03 0.05 0.04 0.04 0.02 0.05 0.04 
Total 99.91 99.33 99.15 100.18 100.89 99.73 100.43 100.23 99.83 99.70 100.14 100.43 100.94 99.60 100.50 
Atomic proportions based on 24 atoms of oxygen 
Si 5.878 5.868 6.318 6.035 6.080 6.064 6.169 6.108 6.102 5.967 6.144 5.878 5.949 5.993 5.996 
Ti 0.000 0.000 0.000 0.002 0.000 0.006 0.002 0.001 0.002 0.001 0.001 0.000 0.000 0.000 0.003 
Al 4.078 4.152 3.679 3.907 3.865 3.919 3.809 3.833 3.923 4.006 3.858 4.072 4.013 3.934 3.973 
Cr 0.000 0.000 0.000 0.010 0.001 0.000 0.000 0.000 0.000 0.000 0.004 0.008 0.000 0.003 0.000 
Fe 2.640 2.627 2.674 2.754 2.685 2.761 2.688 2.711 2.675 2.712 2.692 2.700 2.684 2.690 2.733 
Mn 1.743 1.829 1.523 1.379 1.473 1.372 1.464 1.502 1.354 1.648 1.487 1.751 1.893 1.797 1.863 
Zn 0.020 0.000 0.003 0.007 0.009 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.007 0.003 0.006 
Mg 1.368 1.175 1.244 1.516 1.487 1.456 1.415 1.445 1.499 1.334 1.334 1.314 1.121 1.246 1.081 
Ca 0.356 0.392 0.400 0.392 0.386 0.387 0.369 0.373 0.377 0.354 0.397 0.358 0.377 0.370 0.347 
Na 0.001 0.021 0.000 0.000 0.004 0.012 0.002 0.000 0.000 0.016 0.014 0.000 0.000 0.002 0.020 
K 0.000 0.000 0.004 0.000 0.000 0.001 0.002 0.005 0.005 0.000 0.000 0.000 0.002 0.004 0.006 
F 0.000 0.000 0.000 0.187 0.000 0.075 0.000 0.000 0.000 0.052 0.000 0.000 0.000 0.000 0.000 
Cl 0.012 0.007 0.010 0.008 0.014 0.015 0.007 0.010 0.007 0.015 0.011 0.010 0.006 0.012 0.012 N -.....) 
Total 16.096 16.071 15 .855 16.197 16.004 16.068 15.935 15.988 15.944 16.105 15.942 16.091 16.052 16.054 16.040 0\ 
Table 2 ( continued). Chemical compositions of garnet from the Caprock deposit. 
Mineral Almandine-Spessartine 
Wt.% AHCO15 l (core) (rim) (core) AHCO153 
Si02 38.31 38.36 38.87 39.09 39.21 38.06 37.56 38.09 37.34 37.72 38.51 38.74 39.99 39.96 
Ti02 0.00 0.03 0.00 0.02 0.00 0.03 0.03 0.00 0.00 0.01 0.01 0.02 0.03 0.00 
A(z03 21.32 21.18 21.29 20.60 20.96 22.08 21.21 21.23 20.76 21.59 21.82 21.65 20.03 20.12 
Cr203 0.00 0.00 0.04 0.07 0.00 0.00 0.03 0.00 0.00 0.07 0.05 0.08 0.00 0.13 
FeO 20.73 20.21 20.46 20.52 20.07 20.30 20.73 20.55 20.32 20.63 20.37 20.11 15.79 16.36 
MnO 13 .51 12.94 12.77 13.04 12.66 12.79 12.88 13.58 13.23 12.53 12.82 12.77 14.94 14.63 
ZnO 0.00 0.00 0.30 0.00 0.06 0.04 0.27 0.07 0.09 0.12 0.00 0.18 0.06 0.18 
MgO 5.43 5.47 5.38 4.83 5.55 5.07 4.66 5.29 4.88 5.31 5.20 5.20 4.80 4.87 
CaO 2.12 2.12 2.12 2.15 2.15 2.10 2.11 2.17 2.07 2.06 2.05 2.18 4.21 4.18 
Na20 0.00 0.00 0.06 0.00 0.00 0.06 0.00 0.03 0.04 0.00 0.00 0.04 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.01 0.01 0.02 0.03 
F 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.27 0.38 0.03 0.00 0.00 0.00 
Cl 0.04 0.05 0.04 0.04 0.03 0.05 0.03 0.06 0.01 0.04 0.04 0.02 0.05 0.04 
Total 101.46 100.36 101.33 100.35 100. 73 100.58 99.52 101.05 99.01 100.46 100.90 100.99 99.94 100.49 
Atomic proportions based on 24 atoms of oxygen 
Si 5.992 6.037 6.061 6.156 6.126 5.974 5.995 5.988 6.008 5.965 6.020 6.047 6.272 6.244 
Ti 0.000 0.004 0.000 0.002 0.000 0.003 0.003 0.000 0.000 0.001 0.001 0.002 0.004 0.000 
Al 3.930 3.928 3.912 3.822 3.860 4.084 3.990 3.933 3.936 4.023 4.020 3.983 3.702 3.705 
Cr 0.001 0.000 0.005 0.008 0.000 0.000 0.003 0.000 0.000 0.008 0.006 0.010 0.000 0.017 
Fe 2.711 2.660 2.668 2.702 2.622 2.664 2.767 2.702 2.734 2.728 2.664 2.624 2.071 2.138 
Mn 1.789 1.725 1.686 1.739 1.675 1.700 1.742 1.808 1.802 1.678 1.697 1.688 1.985 1.936 
Zn 0.000 0.000 0.035 0.000 0.007 0.005 0.032 0.008 0.010 0.014 0.000 0.020 0.007 0.021 
Mg 1.265 1.284 1.251 1.134 1.293 1.186 1.110 1.239 1.171 1.252 1.213 1.210 1.122 1.135 
Ca 0.356 0.357 0.353 0.362 0.360 0.354 0.361 0.365 0.356 0.349 0.343 0.364 0.708 0.699 
Na 0.000 0.000 0.018 0.000 0.000 0.018 0.000 0.009 0.011 0.000 0.000 0.011 0.000 0.000 
K 0.000 0.001 0.000 0.000 0.001 0.005 0.002 0.000 0.001 0.000 0.001 0.002 0.004 0.005 
F 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000 0.136 0.191 0.015 0.000 0.000 0.000 
Cl 0.012 0.013 0.011 0.012 0.009 0.012 0.008 0.016 0.003 0.010 0.011 0.006 0.014 0.009 




Table 2 ( continued). Chemical compositions of garnet from the Caprock deposit. 
Mineral Almandine-S2essartine 
Wt.% AHCO 154 (rim) (core) AHCO160 AHCO163 AHCO166 
Si02 40.07 37.89 40.86 39.48 40.25 38.23 38.97 38.32 38.19 38.41 38.44 38.50 38.87 37.94 
Ti02 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.04 0.01 0.02 0.03 0.00 0.00 0.02 
Al203 21.11 21.52 19.60 20.29 20.24 21.06 20.49 21.75 22.12 20.05 21.19 21.89 21.19 21.02 
Cr203 0.06 0.00 0.00 0.01 0.03 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.02 0.00 
FeO 20 .27 19.79 20.40 19.92 20.53 20.11 15.98 16.20 20.94 12.34 18.87 18.57 18.83 19.05 
MnO 12.78 14.15 13.27 13.51 12.92 13.67 15.38 15.29 12.14 22.36 13.15 14.72 13.50 13.45 
ZnO 0.00 0.07 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.04 0.02 0.10 0.05 
MgO 5.94 5.62 5.69 5.49 5.80 5.86 4.66 5.11 5.95 2.77 5.73 5.05 5.34 5.68 
CaO 1. 71 1.61 1.67 1.52 1.43 1.54 4.20 4.10 2.90 4.52 2.29 2.18 2.35 2.28 
Na20 0.01 0.00 0.06 0.00 0.00 0.06 0.03 0.05 0.01 0.08 0.05 0.01 0.03 0.02 
K20 0.00 0.02 0.02 0.01 0.02 0.01 0.00 0.02 0.01 0.00 0.01 0.01 0.00 0.03 
F 0.00 0.00 0.11 0.32 0.04 0.15 0.00 0.07 0.07 0.00 0.00 0.00 0.57 0.00 
Cl 0.03 0.03 0.06 0.04 0.04 0.06 0.01 0.02 0.00 0.00 0.01 0.01 0.01 0.06 
Total 101.97 100.71 101.76 100.59 101.30 100.75 99.72 100.99 102.35 100.54 99.80 100.94 100.81 99.58 
Atomic proportions based on 24 atoms of oxygen 
Si 6.165 5.962 6.324 6.202 6.247 6.015 6.151 5.982 5.902 6.121 6.054 6.016 6.098 6.015 
Ti 0.000 0.000 0.003 0.000 0.000 0.000 0.002 0.004 0.001 0.002 0.003 0.000 0.000 0.002 
Al 3.828 3.991 3.576 3.757 3.703 3.905 3.811 4.001 4.029 3.766 3.933 4.031 3.918 3.928 
Cr 0.007 0.000 0.000 0.002 0.003 0.000 0.000 0.002 0.003 0.000 0.000 0.000 0.002 0.000 
Fe 2.608 2.604 2.641 2.617 2.664 2.646 2.109 2.115 2.706 1.644 2.486 2.427 2.470 2.526 
Mn 1.666 1.886 1.740 1.798 1.699 1.822 2.056 2.022 1.589 3.019 1.755 1.948 1.794 1.806 
Zn 0.000 0.009 0.000 0.000 0.001 0.000 0.000 0.002 0.000 0.000 0.005 0.003 0.012 0.005 
Mg 1.362 1.318 1.314 1.286 1.342 1.374 1.098 1.189 1.370 0.658 1.346 1.176 1.248 1.344 
Ca 0.281 0.271 0.276 0.255 0.238 0.259 0.710 0.686 0.479 0.772 0.387 0.365 0.396 0.387 
Na 0.002 0.000 0.018 0.000 0.000 0.019 0.008 0.014 0.003 0.024 0.015 0.002 0.009 0.007 
K 0.000 0.004 0.003 0.003 0.003 0.003 0.000 0.003 0.001 0.000 0.002 0.002 0.000 0.006 
F 0.000 0.000 0.054 0.159 0.017 0.075 0.000 0.036 0.035 0.000 0.000 0.000 0.283 0.000 
Cl 0.007 0.009 0.016 0.011 0.011 0.015 0.002 0.005 0.001 0.000 0.002 0.002 0.002 0.016 N --.J 
Total 15.926 16.054 15.965 16.090 15.928 16.133 15.947 16.061 16.119 16.006 15.988 15.972 16.232 16.042 
00 
Table 2 ( continued). Chemical compositions of garnet from the Cap rock deposit. 
Mineral Almandine-Spessartine 
Wt.% AHCO166 
Si02 37.96 36.72 37.54 38.71 38.51 
Ti02 0.00 0.01 0.02 0.00 0.02 
A(i03 21.60 20.92 21.87 21.24 21.26 
Cr203 0.01 0.00 0.00 0.00 0.03 
FeO 19.08 18.33 18.36 16.04 16.64 
MnO 13.16 14.71 14.15 15.71 15.33 
ZnO 0.05 0.09 0.14 0.03 0.04 
MgO 5.90 5.28 5.13 4.95 5.15 
CaO 2.36 2.64 2.61 4.41 3.98 
Na20 0.00 0.06 0.00 0.03 0.00 
K20 0.00 0.01 0.00 0.02 0.00 
F 0.13 0.00 0.05 0.00 0.00 
CI 0.03 0.06 0.05 0.03 0.02 
Total 100.29 98.83 99.92 101.17 100.99 
Atomic proportions based on 24 atoms of oxygen 
Si 5.971 5.912 5.941 6.038 6.019 
Ti 0.000 0.001 0.002 0.000 0.003 
Al 4.005 3.970 4.080 3.905 3.915 
Cr 0.001 0.000 0.000 0.000 0.004 
Fe 2.510 2.468 2.430 2.092 2.175 
Mn 1.753 2.006 1.897 2.075 2.030 
Zn 0.006 0.011 0.016 0.004 0.005 
Mg 1.382 1.268 1.209 1.152 1.200 
Ca 0.398 0.455 0.443 0.737 0.667 
Na 0.000 0.020 0.000 0.009 0.001 
K 0.000 0.002 0.000 0.004 0.000 
F 0.064 0.000 0.027 0.000 0.000 
CI 0.007 0.015 0.012 0.009 0.005 N --..J 
Total 16.097 16.128 16.057 16.025 16.024 \0 
Table 3. Chemical compositions of !Ilica from the Caprock deposit. 
Mineral Phlogo2ite 
Wt.% AHCO151 AHCO154 
Si02 38.33 38.11 38.10 38.06 38.24 38.83 38.03 37.83 39.15 38.89 39.04 38.51 37.86 
Ti02 0.67 0.68 0.43 0.77 0.78 0.80 0.80 0.77 0.75 0.79 1.89 1.78 0.89 
A(z03 20.23 19.69 20.22 18.95 18.86 19.30 18.31 20.19 19.53 19.17 18.10 17.77 19.88 
Cr203 0.00 0.00 0.05 0.02 0.00 0.02 0.01 0.08 0.03 0.00 0.04 0.04 0.00 
FeO 9.33 9.55 9.26 9.92 9.68 10.05 10.28 10.07 9.46 9.88 8.47 8.59 11.12 
MnO 0.21 0.17 0.25 0.22 0.29 0.22 0.27 0.29 0.22 0.23 0.23 0.31 0.30 
ZnO 0.26 0.13 0.11 0.18 0.10 0.00 0.12 0.29 0.08 0.07 0.10 0.21 0.20 
MgO 17.34 17.40 17.65 16.96 16.75 16.75 17.22 17.40 17.22 17.57 17.74 18.37 16.26 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.21 0.01 
Na20 0.35 0.34 0.38 0.29 0.35 0.34 0.20 0.29 0.28 0.34 0.28 0.22 0.25 
K20 9.76 9.82 9.67 9.62 9.62 9.76 9.57 9.66 9.81 9.73 9.63 9.40 9.23 
F 1.33 1.24 0.86 1.58 0.84 1.24 1.14 1.00 0.43 0.81 1.87 1.25 0.47 
Cl 0.05 0.06 0.05 0.07 0.04 0.05 0.06 0.07 0.05 0.05 0.06 0.09 0.04 
Total 97.85 97.19 97.04 96.63 95.54 97.35 96.00 97.91 97.00 97.52 97.70 96.75 96.50 
Atomic proportions based on 22 atoms of oxygen 
Si 5.475 5.487 5.459 5.541 5.577 5.579 5.558 5.409 5.580 5.552 5.597 5.553 5.470 
Ti 0.072 0.073 0.046 0.084 0.085 0.086 0.088 0.083 0.080 0.085 0.203 0.193 0.096 
Al 3.405 3.341 3.415 3.252 3.242 3.268 3.154 3.403 3.281 3.226 3.058 3.019 3.386 
Cr 0.000 0.000 0.006 0.003 0.000 0.002 0.001 0.009 0.003 0.000 0.005 0.005 0.000 
Fe 1.115 1.149 1.109 1.208 1.180 1.208 1.256 1.204 1.128 1.179 1.016 1.036 1.343 
Mn 0.026 0.021 0.031 0.027 0.036 0.026 . 0.034 0.035 0.027 0.028 0.027 0.038 0.036 
Zn 0.027 0.014 0.012 0.019 0.010 0.000 0.012 0.030 0.008 0.007 0.011 0.022 0.021 
Mg 3.693 3.734 3.770 3.680 3.643 3.588 3.752 3.709 3.659 3.740 3.791 3.948 3.502 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.040 0.032 0.001 
Na 0.096 0.095 0.105 0.081 0.099 0.094 0.057 0.081 0.076 0.094 0.077 0.063 0.069 
K 1.779 1.804 1.767 1.787 1.789 1.788 1.784 1.762 1.784 1.772 1.762 1.729 1.702 
F 0.600 0.563 0.392 0.725 0.388 0.562 0.528 0.450 0.191 0.367 0.849 0.572 0.214 
Cl 0.013 0.015 0.012 0.017 0.011 0.013 0.016 0.018 0.012 0.013 0.016 0.021 0.009 N 00 
0 
Total 16.301 16.296 16.124 16.424 16.060 16.214 16.24016.193 15.829 16.063 16.452 16.231 15.849 
Table 3 ( continued). Chemical compositions of mica from the Cap rock deposit. 
Mineral Phlogo2ite 
Wt.% AHCO154 AHCO160 
Si02 38.83 39.67 38.95 38.18 39.43 37.07 37.76 37.35 37.67 36.43 37.30 36.36 37.40 
Ti02 0.73 0.82 0.33 1.72 1.61 1.19 1.81 1.83 1.80 1.59 1.83 1.59 1.68 
A)z03 18.99 19.06 19.25 18.19 18.34 18.31 18.65 18.81 19.52 19.20 19.62 19.84 18.75 
Cr203 0.00 0.00 0.00 0.03 0.00 0.02 0.07 0.01 0.04 0.04 0.00 0.00 0.00 
FeO 10.82 10.54 11.19 9.96 9.99 9.62 10.03 9.88 10.09 11.07 9.83 9.78 9.43 
MnO 0.50 0.44 0.46 0.30 0.36 0.41 0.35 0.40 0.41 0.75 0.43 0.37 0.40 
ZnO 0.39 0.35 0.29 0.06 0.18 0.19 0.02 0.01 0.00 0.21 0.10 0.04 0.57 
MgO 16.27 16.25 16.10 17.17 17.22 16.71 16.92 16.75 16.57 17.08 16.74 16.52 16.71 
CaO 0.01 0.08 0.02 0.02 0.02 0.01 0.00 0.05 0.00 0.00 0.02 0.03 0.02 
Na20 0.25 0.22 0.14 0.29 0.23 0.23 0.23 0.31 0.24 0.17 0.20 0.13 0.20 
K20 8.64 8.95 8.91 9.86 9.64 9.65 9.68 9.71 9.81 7.65 8.97 9.58 9.53 
F 0.79 1.13 0.62 1.49 0.93 1.64 1.03 0.69 1.23 1.48 0.75 1.30 0.55 
Cl 0.08 0.06 0.08 0.03 0.02 0.02 0.04 0.02 0.04 0.04 0.01 0.03 0.02 
Total 96.30 97.58 96.33 97.30 97.96 95 .06 96.58 95.82 97.40 95.70 95.81 95.56 95.26 
Atomic proportions based on 22 atoms of oxygen 
Si 5.615 5.669 5.629 5.527 5.613 5.505 5.479 5.447 5.432 5.350 5.413 5.347 5.474 
Ti 0.080 0.088 0.036 0.187 0.172 0.133 0.198 0.200 0.195 0.176 0.200 0.176 0.185 
Al 3.238 3.210 3.278 3.104 3.077 3.204 3.189 3.233 3.317 3.323 3.356 3.438 3.234 
Cr 0.000 0.000 0.000 0.003 0.000 0.002 0.008 0.002 0.005 0.005 0.000 0.000 0.000 
Fe 1.308 1.260 1.353 1.206 1.189 1.194 1.217 1.206 1.216 1.359 1.193 1.203 1.154 
Mn 0.061 0.054 0.057 0.037 0.043 0.052 0.043 0.049 0.050 0.094 0.053 0.046 0.049 
Zn 0.042 0.037 0.030 0.006 0.018 0.021 0.002 0.001 0.000 0.023 0.011 0.004 0.062 
Mg 3.509 3.461 3.469 3.706 3.653 3.699 3.659 3.642 3.562 3.740 3.622 3.622 3.645 
Ca 0.002 0.012 0.003 0.003 0.004 0.001 0.000 0.008 0.000 0.000 0.003 0.005 0.003 
Na 0.070 0.062 0.039 0.082 0.062 0.066 0.065 0.088 0.067 0.049 0.056 0.037 0.057 
K 1.593 1.631 1.642 1.821 1.750 1.829 1.792 1.807 1.804 1.433 1.660 1.796 1.779 
F 0.362 0.512 0.284 0.683 0.420 0.770 0.472 0.318 0.562 0.689 0.344 0.603 0.255 
Cl 0.019 0.015 0.019 0.007 0.005 0.004 0.009 0.005 0.009 0.009 0.003 0.006 0.005 N 00 
Total 15.899 16.011 15.839 16.372 16.006 16.480 16.133 16.006 16.219 16.250 15.914 16.283 15.902 
Table 3 ( continued). Chemical compositions of mica from the Cap rock deeosit. 
Mineral Phlogo2ite Sericite Phlogo2ite 
Wt.% AHCO160 AHCO162 AHCO163 
Si02 37.93 46.40 46.29 46.58 38.54 38.40 38.17 38.73 38.63 38.07 37.36 37.42 38.15 
Ti02 1.54 0.03 0.02 0.00 1.38 1.39 1.48 1.48 1.17 0.69 0.90 1.20 1.12 
Al203 19.53 36.36 37.28 35.28 20.04 19.86 19.77 20.33 18.45 20.81 19.54 18.24 18.30 
Cr203 0.00 0.01 0.01 0.03 0.00 0.04 0.01 0.00 0.00 0.03 0.00 0.00 0.06 
FeO 9.39 0.42 0.60 0.56 9.52 10.00 9.76 9.83 9.95 7.54 9.34 10.80 10.66 
MnO 0.35 0.35 0.25 0.33 0.36 0.48 0.48 0.47 0.26 0.20 0.17 0.27 0.23 
ZnO 0.60 0.72 0.61 0.75 0.25 0.11 0.16 0.06 0.28 1.69 0.81 0.24 0.00 
MgO 16.79 0.88 0.97 1.04 16.58 16.33 16.27 15.75 17.81 13.57 15.80 17.31 17.61 
CaO 0.01 0.08 0.10 0.05 0.00 0.00 0.00 0.01 0.06 5.55 3.06 0.05 0.07 
Na20 0.23 0.13 0.06 0.08 0.47 0.26 0.27 0.33 0.27 0.28 0.19 0.29 0.18 
K20 9.66 11.07 9.99 11.30 9.82 10.13 9.94 9.58 9.55 5.79 6.97 9.52 9.53 
F 1.57 0.00 0.00 0.00 0.78 0.50 0.85 1.28 1.21 0.07 0.28 0.88 0.41 
Cl 0.02 0.03 0.01 0.00 0.06 0.05 0.06 0.03 0.04 0.06 0.05 0.01 0.03 
Total 97.63 96.48 96.19 95.98 97.81 97.55 97.20 97.86 97.68 94.36 94.46 96.22 96.34 
Atomic proportions based on 22 atoms of oxygen 
Si 5.464 6.116 6.074 6.183 5.489 5.487 5.486 5.526 5.542 5.515 5.457 5.469 5.518 
Ti 0.167 0.003 0.002 0.000 0.148 0.149 0.160 0.158 0.126 0.075 0.099 0.132 0.121 
Al 3.316 5.649 5.765 5.520 3.363 3.345 3.349 3.419 3.119 3.553 3.363 3.142 3.120 
Cr 0.000 0.001 0.001 0.003 0.000 0.005 0.001 0.000 0.000 0.003 0.000 0.000 0.006 
Fe 1.131 0.046 0.065 0.062 1.134 1.195 1.173 1.173 1.194 0.914 1.140 1.320 1.290 
Mn 0.043 0.039 0.027 0.037 0.044 0.058 0.058 0.056 0.032 0.024 0.021 0.033 0.028 
Zn 0.064 0.070 0.059 0.073 0.026 0.012 0.017 0.007 0.029 0.181 0.088 0.026 0.000 
Mg 3.606 0.172 0.190 0.206 3.521 3.479 3.486 3.349 3.809 2.930 3.440 3.771 3.797 
Ca 0.002 0.011 0.014 0.007 0.000 0.000 0.000 0.001 0.009 0.862 0.479 0.008 0.011 
Na 0.063 0.034 0.014 0.020 0.129 0.071 0.075 0.090 0.076 0.077 0.053 0.083 0.050 
K 1.775 1.861 1.673 1.913 1.784 1.847 1.823 1.744 1.748 1.070 1.299 1.774 1.759 
F 0.714 0.000 0.000 0.000 0.353 0.228 0.386 0.577 0.549 0.032 0.127 0.406 0.187 
Cl 0.005 0.006 0.002 0.000 0.015 0.012 0.015 0.006 0.009 0.015 0.012 0.001 0.007 N 00 N 
Total 16.350 14.008 13.886 14.024 16.006 15.888 16.029 16.106 16.242 15.251 15.578 16.165 15.894 
Table 3 ( continued). Chemical compositions of mica from the Cap rock deposit. 
Mineral Phlogo2ite 
Wt.% AHCO166 
Si02 37.49 38.21 37.89 37.95 38.59 39.25 
Ti02 0.79 0.65 0.84 0.74 0.75 0.63 
Alz03 20.03 19.15 18.92 19.77 19.61 19.63 
Cr203 0.00 0.00 0.00 0.10 0.00 0.07 
FeO 10.58 10.79 10.37 9.52 9.65 10.16 
MnO 0.39 0.28 0.28 0.28 0.24 0.26 
ZnO 0.21 0.30 0.00 0.28 0.20 0.33 
MgO 17.23 17.31 16.83 18.35 17.95 16.63 
CaO 0.03 0.00 0.03 0.07 0.03 0.14 
Na20 0.21 0.20 0.18 0.29 0.32 0.27 
K20 9.36 9.31 9.67 8.85 9.47 8.42 
F 0.18 0.36 0.00 0.72 0.81 1.01 
Cl 0.01 0.02 0.04 0.05 0.05 0.06 
Total 96.51 96.59 95 .04 96.96 97.67 96.87 
Atomic proportions based on 22 atoms of oxygen 
Si 5.398 5.506 5.526 5.427 5.494 5.615 
Ti 0.086 0.071 0.093 0.080 0.080 0.068 
Al 3.399 3.252 3.252 3.333 3.290 3.310 
Cr 0.000 0.000 0.000 0.011 0.000 0.008 
Fe 1.274 1.300 1.264 1.139 1.149 1.215 
Mn 0.047 0.034 0.034 0.034 0.029 0.032 
Zn 0.022 0.032 0.000 0.030 0.021 0.035 
Mg 3.699 3.718 3.658 3.912 3.809 3.547 
Ca 0.005 0.000 0.004 0.010 0.005 0.021 
Na 0.058 0.056 0.051 0.079 0.087 0.074 
K 1.719 1.712 1.798 1.615 1.721 1.537 
F 0.082 0.164 0.000 0.325 0.364 0.455 
Cl 0.002 0.005 0.009 0.011 0.011 0.014 N 00 w 
Total 15.791 15 .850 15.689 16.006 16.060 15.931 
Table 4. Chemical compositions of Mn-bearing amphiboles and olivine, sillimanite, and ch lo rite from the Cap rock deposit. 
Mineral Antho2hyllite Cummingtonite Actinolite Sillimanite Forsterite Clinochlore 
Wt.% AHCO158 AHCO162 AHCO158 
Si02 57.95 58.23 57.41 52.79 37.96 38.68 37.28 39.43 38.99 39.59 30.52 30.97 
Ti02 0.02 0.02 0.03 0.29 0.00 0.01 0.01 0.00 0.04 0.00 0.10 0.07 
A)z03 0.95 1.16 0.75 5.79 63.25 62.66 63.45 0.00 0.08 0.03 19.71 20.58 
Cr203 0.10 0.06 0.00 0.00 0.06 0.09 0.00 0.00 0.06 0.00 0.13 0.04 
FeO 6.79 6.94 6.82 3.47 0.22 0.21 0.26 13.71 13.64 13.69 3.45 3.56 
MnO 4.26 4.44 4.58 2.11 0.01 0.02 0.00 4.04 4.15 3.76 0.37 0.32 
ZnO 0.23 0.06 0.19 0.40 0.00 0.00 0.05 0.19 0.21 0.28 0.17 0.07 
MgO 27.59 26.32 25.90 20.61 0.01 0.00 0.01 43.23 42.78 42.81 30.96 31.00 
CaO 0.47 0.58 1.09 10.33 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.09 
Na20 0.16 0 .11 0.10 1.13 0.01 0.00 0.07 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.14 0.04 0.06 0.05 0.00 0.00 0.01 0.01 0.15 
F 0.57 0.28 0.68 0.98 0.23 0.16 0.07 0.00 0.00 0.00 0.05 0.49 
Cl 0.03 0.05 0.04 0.07 0.04 0.05 0.04 0.05 0.04 0.05 0.06 0.07 
Total 99.11 98.25 97.59 98.09 101.82 101.95 101.29 100.65 99.99 100.22 85.67 87.40 
Oxygens 23 20 4 14 
Si 7.889 7.963 7.965 7.394 4.037 4.104 3.985 0.996 0.993 1.003 2.930 2.926 
Ti 0.002 0.002 0.003 0.030 0.000 0.001 0.001 0.000 0.001 0.000 0.007 0.005 
Al 0.152 0.187 0.122 0.957 7.928 7.836 7.993 0.000 0.003 0.001 2.230 2.292 
Cr 0.010 0.006 0.000 0.000 0.005 0.008 0.000 0.000 0.001 0.000 0.010 0.003 
Fe 0.773 0.794 0.791 0.406 0.020 0.019 0.023 0.290 0.290 0.290 0.277 0.281 
Mn 0.491 0.514 0.538 0.251 0.001 0.002 0.000 0.087 0.089 0.081 0.030 0.026 
Zn 0.023 0.006 0.020 0.041 0.000 0.000 0.004 0.004 0.004 0.005 0.012 0.005 
Mg 5.599 5.366 5.357 4.303 0.002 0.000 0.002 1.628 1.624 1.617 4.431 4.367 
Ca 0.069 0.085 0.162 1.550 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.009 
Na 0.042 0.030 0.027 0.307 0.001 0.000 0.013 0.000 0.000 0.000 0.000 0.000 
K 0.001 0.001 0.000 0.025 0.005 0.008 0.007 0.000 0.000 0.000 0.002 0.018 
F 0.245 0.119 0.297 0.434 0.076 0.055 0.022 0.000 0.000 0.000 0.016 0.145 
Cl 0.007 0.012 0.010 0.016 0.007 0.009 0.008 0.002 0.002 0.002 0.010 0.011 N 00 
.J:::. 
Total 15.303 15.085 15.292 15.714 12.082 12.042 12.058 3.007 3.007 2.999 9.970 10.088 
Table 5. Chemical compositions of plagioclase from the Caprock deposit. 
Mineral Andesine Oligoclase Albite Andesine Anorthite Oligoclase 
Wt.% AHCO151 AHCO154 AHCO162 AHCO163 AHCO166 
Si02 57.32 59.23 59.12 63.51 62.35 68.50 56.98 58.16 44.48 44.69 59.56 61.64 
Ti02 0.00 0.01 0.02 0.00 0.02 0.01 0.02 0.03 0.00 0.03 0.01 0.00 
A)z03 27.57 25.48 26.12 23.71 23.58 19.29 27.63 27.18 36.46 36.68 24.94 24.63 
Cr203 0.00 0.03 0.04 0.05 0.01 0.00 0.06 0.06 0.03 0.00 0.00 0.00 
FeO 0.01 0.02 0.02 0.00 0.09 0.21 0.18 0.01 0.04 0.08 0.10 0.09 
MnO 0.02 0.05 0.05 0.04 0.00 0.00 0.08 0.02 0.09 0.01 0.05 0.07 
ZnO 0.00 0.00 0.00 0.09 0.00 0.06 0.18 0.04 0.02 0.00 0.15 0.00 
MgO 0.14 0.11 0.08 0.06 0.09 0.17 0.23 0.15 0.22 0.27 0.33 0.10 
CaO 9.44 8.04 7.85 5.54 5.08 0.17 7.76 8.91 18.85 18.82 5.96 5.56 
Na20 6.32 7.27 7.17 8.58 8.65 11.54 5.81 6.94 0.64 0.67 8.18 8.57 
K20 0.07 0.09 0.12 0.10 0.12 0.03 0.12 0.07 0.04 0.01 0.11 0.09 
F 0.00 0.08 0.32 0.00 0.09 0.56 0.37 0.03 0.00 0.00 0.00 0.00 
Cl 0.06 0.04 0.07 0.08 0.04 0.05 0.08 0.02 0.00 0.02 0.05 0.03 
Total 100.97 100.44 100.97 101.74 100.10 100.60 99.50 101.61 100.86 101.28 99.42 100.77 
Atomic proportions based on 32 atoms of oxygen 
Si 10.195 10.560 10.504 11.076 11.051 11.980 10.265 10.279 8.145 8.146 10.688 10.872 
Ti 0.000 0.002 0.003 0.000 0.003 0.001 0.003 0.003 0.000 0.004 0.001 0.000 
Al 5.779 5.354 5.469 4.873 4.926 3.975 5.867 5.662 7.869 7.879 5.274 5.120 
Cr 0.000 0.003 0.006 0.006 0.001 0.000 0.008 0.008 0.005 0.000 0.000 0.000 
Fe 0.001 0.003 0.002 0.000 0.013 0.031 0.027 0.001 0.006 0.012 0.015 0.013 
Mn 0.003 0.007 0.007 0.006 0.001 0.000 0.012 0.003 0.013 0.002 0.007 0.010 
Zn 0.000 0.000 0.000 0.011 0.000 0.008 0.024 0.005 0.003 0.000 0.020 0.000 
Mg 0.038 0.030 0.021 0.015 0.024 0.045 0.062 0.039 0.061 0.072 0.087 0.027 
Ca 1.800 1.536 1.495 1.035 0.965 0.032 1.499 1.687 3.698 3.674 1.146 1.051 
Na 2.181 2.512 2.470 2.902 2.971 3.914 2.030 2.377 0.227 0.237 2.845 2.929 
K 0.017 0.020 0.026 0.021 0.026 0.007 0.027 0.016 0.010 0.002 0.024 0.020 
F 0.000 0.043 0.178 0.000 0.051 0.311 0.211 0.015 0.000 0.000 0.000 0.001 
Cl 0.018 0.013 0.020 0.023 0.011 0.014 0.025 0.007 0.000 0.006 0.015 0.010 N 00 
Vl 
Total 20.032 20.083 20.201 19.968 20.043 20.318 20.060 20.102 20.037 20.034 20.122 20.053 
